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1   Abstract 
In an effort to increase the thermodynamic stability and the kinetic inertness 
of the complexes, the five new azamacrobicyclic ligands derived from 
TACN, cyclen, and cyclam have been prepared. The ligands were decorated with 
phosphinate or phosphonate pendant arms to maintain fast complexation. Since the 
ascending importance of targeted diagnostic and therapy, the bone-targeted 
non-bridged cyclam derivative with phosphinate -bis(phosphonate) pendant arm 
(H5TE1PBP) has also been synthesized. The ligands were studied with respect to 
their application. The bridged TACN (H2bpbtacn) and cyclen (H4bpbcen) ligands 
show high macrocyclic basicity (logK1 = 12.25 and 12.70, respectively). The 
thermodynamic stability of H2bpbtacn with Cu(II) ion is more than ten orders of 
magnitude lower than that of the NOTA ligand.  The stability constants of 
H4bpbcen with Cu(II) and Zn(II) ions are comparable to those given for the DOTA. 
The stability of Ln(III)-bpbcen complexes is 7‒10 orders of magnitude lower 
compared to DOTA complexes.  For both ligands, the lower thermodynamic 
stability of the complexes is attributed to the high rigidity of the ligand structure. 
The bridged cyclam derivatives with phosphonate (H4TE2P), bis(phosphinate) 
(H4TE2bpin), or phosphinate (H2TE2PH) pendants are characterized by high 
stability of Cu(II) complexes (logK = 23.97, 20.21 and 21.28, respectively) and 
high kinetic inertness (t1/2 = 120 h, 11 h and 111 h, respectively; 1 M HClO 4, 
90 °C). The formation kinetics of H4TE2P and H4TE2bpin derivative is very fast 
and the Cu(II) complexes are quantitatively formed in 2 s at pH ~6 and millimolar 
concentration. The non-bridged ligand H5TE1PBP is characterized by high 
macrocycle basicity (logK1 < 13) and high selectivity for Cu(II) over Zn(II) and 
Ni(II) ions. The formation of the copper complex is very fast with a quantitative 
formation of the complex within 1 s (pH ~6, 0.05 mM). The complex is highly inert 
to acid-assisted decomplexation ( t1/2 = 1.4 min; 1 M HClO4, 90 °C). Radiolabeling 
of H5TE1PBP is fast and effective with a specific activity ~30  Bq/µmol (pH 5.5, 
25 °C)  and the Cu(II) complex shows high affinity to hydroxyapatite in vitro and 
to bones in vivo. PET experiments in healthy mice and also in direct comparison 
with [18F]fluoride in a rat femur defect model demonstrate the excellent suitability 
of H5TE1PBP as copper izotope carrier for imaging active bone compartments.  
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2   Abstrakt 
Ve snaze zvýšit termodynamickou stabilitu a kinetickou inertnost komplexů 
bylo připraveno pět nových azamakrobicyklických ligandů odvozených od 
TACN, cyklenu a cyklamu. Pro zachování rychlé komplexace byl a na ligandy 
navázána fosfinátová nebo fosfonátová pendantní ramena. Vzhledem ke 
vzrůstajícímu významu cílené diagnostiky a terapie byl syntetizován také 
nepřemostěný cyklamový derivát s fosfináto-bis(fosfonátovým) ramenem 
(H5TE1PBP) určený pro navázání na kostní tkáň . Ligandy byly studovány s 
ohledem na jejich aplikaci. Přemostěné ligandy odvozené od T ACN (H2bpbtacn) 
a cyklenu (H4bpbcen) vykazují vysokou bazicitu makrocyklu (logK1 = 12,25 a 
12,70). Termodynamická stabilita komplexu H2bpbtacn s Cu(II) iontem je o více 
než deset řádů nižší než u ligandu NOTA. Konstanty stability komplexů H4bpbcen 
s ionty Cu(II) a Zn(II) jsou srovnatelné s konstantami uvedenými pro DOTA. 
Stabilita jeho komplexů s ionty Ln(III) je o 7–10 řádů nižší ve srovnání s komplexy 
DOTA. U obou ligandů je nižší termodynamická stabilita komplexů přičítána 
vysoké rigidnosti ligandu. Přemostěné cyklamové deriváty s fosfonátými 
(H4TE2P), bis(fosfinátovými) (H4TE2bpin) nebo fosfinátovými (H2TE2PH) 
rameny se vyznačují vysokou stabilitou komplexů Cu(II) (logK = 23,97, 20,21 a 
21,28) a vysokou kinetickou inertností ( t1/2 = 120 h, 11 h a 111 h; 1 M HClO4, 
90 °C). Kinetika tvorby komplexů  H4TE2P a H4TE2bpin je velmi rychlá a 
měďnaté komplexy se kvantitativně vytvoří za 2 s při pH ~ 6 a milimolární 
koncentraci. Nepřemostěný ligand H5TE1PBP se vyznačuje vysokou bazicitou 
makrocyklu (logK1 < 13) a vysokou selektivitou pro ionty Cu(II) oproti iontům 
Zn(II) a Ni(II). Tvorba měďnatého komplexu je velmi rychlá , komplex je 
kvantitativně vytvořen  během 1 s při pH ~  6 (0,05 mM). Komplex je vysoce inertní 
vůči kysele katalyzované dekomplexaci ( t1/2 = 1,4 min; 1 M HClO4, 90 °C). 
Radioaktivní značení H5TE1PBP je rychlé a účinné se specifickou aktivitou ~ 30 
Bq/µmol (pH = 5,5; 25 °C) . Komplex vykazuje vysokou afinitu k hydroxoapatitu 
in vitro i ke kostem in vivo. PET experimenty na zdravých myších a také 
srovnávací experimenty s [18F]fluoridem na modelu defektu stehenní kosti krysy 
ukazují vhodnost H5TE1PBP jako nosiče radioaktivních izotopů mědi pro 
zobrazování aktivních kostních kompartmentů.    
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3   Theoretical background 
3.1   Molecular imaging 
The early diagnostics of diseases has the highest importance in medicine.  
Identifying a health problem at the early stage can save the lives.  Until today, the 
numerous diseases have not been fully understood and treatments have not been 
sufficiently and equally effective at each stage of illnesses. Despite of quick 
development of drug research, it  will never reach the expected results without 
Molecular Imaging Techniques (MI). It is impossible to preserve the equivalent 
drug efficiency in each stage of the disease.  Thus, the sooner the drug is 
applied, the better patient prognosis is obtained. 
Molecular Imaging is focused on noninvasive visualisation, characterization 
and measurement of biological processes on molecular and cellu lar level. It is also 
known as an important preclinical and clinical research tool, which is joined to the 
process of drug development.  These techniques visualize the pathophysiologic 
processes in real-time and provide information about specific molecular alterations 
underlying disease status. They create sectional images, which can be 
reconstructed into two-dimensional (2D) or three-dimensional (3D) images. 
Molecular Imaging can diagnose disease and evaluate response on therapy long 
before changes can be seen at the anatomical level. The most essential and utilized 
Molecular Imaging techniques include Magnetic Resonance Imaging (MRI), and 
radionuclide imaging via Positron Emission Tomography (PET) and Single-Photon 
Emission Computed Tomography (SPECT).  Every mentioned method has certain 
advantages and limitations (see below). The choice of method depends on which 
techniques can provide the most complementary information to answer a specific 
pre-clinical or clinical question.1,2,3,4  
3.1.1   Magnetic Resonance Imaging 
The MRI has become one of the most utilized imaging techniques due to its 
outstanding soft-tissue contrast and high spatial resolution. It also allows for 
physiological and biochemical imaging.5 This method does not make use of 
ionizing radiation. Imaging leans on the strong uniformly polarizing magnetic 
field, smaller magnetic field gradient and high-frequency magnetic field. Signal 
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production is based on resonance and relaxation features of nuclei (e.i., 1H, 31P) in 
the magnetic field. Via the spatial coding, the signal can be transformed onto the 
image.6 The discrepancy of the signal intensity between every pixel and voxel is 
defined as a contrast.  The drawback of the Magnetic Resonance Imaging is 
relatively weak sensitivity.  This can result in deficient contrast of acquired images 
which makes the practical application harder. 7 The numerous contrast agents (CA) 
have been developed for the improvement of contrast and enhancement of 
diagnostic accuracy. Introduction of these chemical substances to tissues, w hich 
need to be displayed, can highlight the differentiation of normal and pathological 
tissues. The principal idea is the ability of CA to accelerate relaxation of the 
surrounding water protons. This is known as contrast-enhanced imaging. The 
contrast agents are produced as highly stable complexes, which can be applied to 
the patient in relatively high doses.  The application of macrocyclic chemistry is 
considered for the key clinical success in medicine. The contrast agents are divided 
into two groups, namely positive (T1) and negative (T2) CA. 
Currently, gadolinium(III) paramagnetic chelates are commonly used as T1 
CA, while superparamagnetic materials such as ferric oxide nanoparticles  (NP) act 
as T2 CA. Many different compounds affect the NMR signal in various ways. Some 
of them enable selective targeting of certain pathologies and/or tissues.      
In practice, the most common compounds for contrast enhancement are 
based on gadolinium(III) ion. Such contrast agents are paramagnetic and they 
shorten the longitudinal relaxation time T1. Except for gadolinium-based CA, there 
are also other paramagnetic substances which are not so developed 
(e.g., manganese-based contrast agents).6,8 
For Gd(III)-containing complexes, the efficacy can be measured with respect 
to the longitudinal relaxivity of the hydrogen nuclei. This relaxation parameter 
quantifies the extent to which the complex catalyzes shortening of the T1 relaxation 
time of protons in water molecules. Coordination interactions are important in 
transferring the effect from the paramagnetic ion to the solvent. This contribution 
of the internal coordination sphere is generally the main contribution and is being 
studied in the preparation of new,  more effective contrast agents. The rotational 
correlation time (τc) of the complex is also a key parameter affecting relaxivity. It 
can vary with increasing size and loss of molecule flexibility. It can also be 
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influenced by the presence of other particles in the solution, such as proteins or 
salts.9,10 The gadolinium complexes dominate in the research works dealing with 
macrocyclic contrast agents and clinical applications of the Magnetic Resonance 
Imaging. The Gd(III) ion has two key features that make it an ideal option. Thanks 
to its seven unpaired electrons, it is highly paramagnetic and also has relatively 
slow electron relaxation due to its symmetrical S -state. The chelating agents are 
designed to leave one or two coordination sites available for binding water 
molecules to the encapsulated metal ion. 9,11 Adapting to the aforementioned 
requirements involves a change in the chelate structure. In addition to improving 
relaxation, modulation of pharmacokinetics and biodistribution can be 
accomplished through ligand modulation. However, the design of new chelating 
ligands must take into account the requirement of high thermodynamic stability to 
avoid exposure of the patient to the toxicity of the contrast agent. 7  
3.1.2   Nuclear medicine imaging 
Over the past fifty years, nuclear imaging has developed from a 
predominantly experimental technique to a critical part of modern clinical practice. 
Nuclear medicine imaging is a method of imaging based on the detection of 
radiation from various parts of the body after administration of a radioactive tracer 
to a patient. The biologically interesting molecular species, labelled with a 
radioactive tracer, is distributed through the human body.  They are concentrated 
in cells and provided studying normal physiology and identifying pathologies.  
Positron Emission Tomography and Single Photon Emission Computed 
Tomography have proven invaluable for oncology, cardiology and neurology and 
provide functional imaging data that complements MRI and Computed 
Tomography (CT) data. The radiopharmaceuticals used in nuclear medicine are 
mostly injected into a vein.  The heart of any radiopharmaceutical is, of course, its 
positron- (PET) or gamma-emitting (SPECT) radionuclide. This must be 
produced, purified and incorporated to diagnostic radiopharmacum. The amount of 
radiation a patient receives during a typical nuclear medicine scan is usually very 
low. The crucial requirement in nuclear medicine is the high stability of radioactive 
agent to avoid nonspecific radioisotope deposition in tissues. Thus, high 
thermodynamic stability and kinetic inertness of complexes with radionuclides 
allow their safe usage. In order to form stable complexes, a strict relationship must 
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exist between the element (ionic radius, electronic configuration) and the ligand(s) 
(size of the molecule, number and nature of the coordinating groups in the 
molecule).12,13,14  
3.1.2.1   Positron Emission Tomography 
Positron Emission Tomography imaging is based on the detection of 
radiation emitted after the matter to energy conversion.  This phenomenon appears 
when the negatively charged electron and posit ively charged positron 
get into contact.14 The positron emitted from the radiotracer is 
annihilated by electron, producing two collinear photons, according to the 
equation: e+ + e‒ → γ + γ. The efficiency of the PET system is conforming to its 
sensitivity or the lowest detectable concentration of the selected radiotracer.  It is 
defined by spatial resolution and efficient detection of annihilation photons.  The 
spatial resolution is fundamentally limited via the acollinearity of annihilation 
photons, the width of the detection elements in the detection ring, the change in 
depth of interaction in detection elements and the sensitivity of the detector ring 
for the detection of 511 keV photons.15 Nowadays, several radionuclides are 
studied for theranostic usage (diagnosis  and therapy), which plays an important 
role in medicine.14 
The PET method, compared to its single photon analogue SPECT, shows 
higher resolution (2‒4 mm3 versus 6‒8 mm3 for SPECT) and higher sensitivity (up 
to ~10‒12 M compared to ~10‒6 M for SPECT). The resolution and sensitivity of 
PET are related to the intrinsic properties of  the β+ emission, with the resolution 
depending on the initial distance travelled by the β + photon before annihilation. 
This distance is a function of the decay energy. For this reason, low energy β + 
emissions are desirable because they provide a better resolution. The high 
sensitivity of PET is the result of the interplay of the detection of two γ -photons. 
Despite the undeniable advantages of PET imaging, the SPECT method is more 
clinically used. Perhaps only because it is a more established technique. 16,17,18  
Limitations of PET is a relatively low spatial resolution and requirement of 
cyclotron on-site for short-lived agents. On the other hand, it is highly sensitive 
and quantitative with the possibility of temporal monitoring.  
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The combination of PET with Computed Tomography (CT) is widely used 
in oncology, cardiology and for characterization of neurological disorders at an 
early stage.19  
Unfortunately, there exist only a few radionuclides, which have an 
acceptable half-life with reasonable positron emission abundance.14 The most 
common PET isotope is 18F. However, its utilization is a matter of organic 
chemistry. In addition to this isotope, several metal nuclides are available.  The 
most important metallic β+ emitters are copper radionuclides  (61Cu, 62Cu, 64Cu), 
68Ga and 89Zr. The half-life of the 61Cu isotope is 3.3 hours. The decay occurs 
through β+ emission (100%). 62Cu decays almost exclusively through positron 
emission (100% β+; t1/2 = 9.27 min). Its short half-life makes it suitable for the 
dynamic study of organ function. The relatively short half-life of its parent nuclide 
62Zn (9.17 h) does not allow the operation of 62Zn/62Cu generator longer than for 
3 days, which is a limitation that could avoid its widespread use for wider 
diagnostic applications. The half-life of  64Cu isotope is 12.7 hours. It is sufficient 
time for synthesis of many radiopharmaceuticals. It  is also long enough time for 
in vivo tracking of smaller and larger molecular carriers with slower clearance. 
The 64Cu isotope has versatile utilization, thanks to its decay scheme.  The decay 
of this nuclide combines electron capture (41%), β - emission (19%) and β+ 
emission (40%), which also leads to emission of Auger electrons with therapeutic 
potential.20,21,22 The 64Cu isotope is relatively readily available commercially. It can 
be produced in biomedical cyclotrons using proton radiation from an enriched 64Ni 
isotope through 64Ni(p,n)64Cu decay.19,21,23,24 The coordination scheme of an 
aqueous copper solution is limited to three oxidation states ( I‒III), but only 
oxidation number II is significant for radiomedicine .23 The Cu(II) ion is classified 
as a borderline hard cation and therefore has a high affinity for borderline donor 
atoms such as nitrogen. Coordination numbers of copper are in the range of 4–
6.16,21,23,24 The copper forms complexes that have square-planar, square pyramidal, 
trigonal-bipyramidal, or octahedral geometry. Ability to create a stable complexes 
and a long half-life makes the isotope 64Cu very perspective nuclide.14,23,25   
The isotope 68Ga has a half-life of 67.7 minutes. The decay is through β + 
emission (89%) and electron capture (11%). 68Ga is an attractive PET nuclide 
because it is produced in commercially available 68Ge/68Ga generators and the 
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decay is mainly through β+ emission.14,18 Actually, 68Ga isotope offers many 
advantages for imaging: rich positron emission, short half -life, without the need 
for a cyclotron on site.20 In aqueous solution, the oxidation state of galium is 3+. 
It can exist in the free hydrated form only at acidic pH. In vivo , the 68Ga(III) ion 
creates a very stable complex with transferrin. The mimicking of Fe(III) metabolic 
pathway makes difficulties in the development of suitable gallium chemistry. The 
Ga(III) ion can be classified as a hard cation preferring hard donor atoms such as 
oxygen and nitrogen. The most common gallium coordination number is 6. 14,16,24 
In many cases, a large amount of administrated drug is delivered also to 
normal tissues. This may cause several side-effects. The basic approach to 
overcoming these obstacles is the development of optimized and targeted delivery 
systems. Conjugation of drugs or contrast agents with receptor-binding molecules 
selectively increases their adherence or uptake by target cells.  For purpose of 
target-selective therapeutic and/or diagnostic applications various molecules are 
used including antibodies and their fragments, peptides, nucleic acid small 
molecules, or others.26,27,28,29 The labelling with peptides can be achieved through 
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA).20 The leading 
compound of 68Ga-radiopharmaceuticals is [68Ga]Ga-DOTA-TOC (Figure 1). This 
substance has a high affinity for somatostatin receptors and is clinically use d for 
imaging neuroendocrine tumours.14 
 
 




The half-life of zirconium-89 is 78.4 h. Such a long half-life allows PET 
imaging even a few days after administration. The decay proceeds via positron 
emission (23%) and electron capture (77%) to the stable isotope 89Y. Due to the 
easy availability of the target material in natural form, the 89Y(p,n)89Zr nuclear 
reaction is considered the most suitable for the production of 89Zr in medical 
cyclotrons. Zirconium(IV) cation is, as well as Ga(III) ion, a very hard acidic metal 
ion and is prone to hydrolysis and hydroxide formation under less acidic 
conditions. Zr(IV) ion is resistant to redox reactions under biological conditions . 
It is considered a hard Lewis acid with coordination number 8. Although many 
radiolabeled 89Zr-complexes have been developed for various applications in 
nuclear medicine, the radioimmunoscintigraphy (Immuno PET) is regarded to be 
the most important application of this isotope. The relatively slow 
pharmacokinetics of monoclonal antibodies ( t1/2 = 3‒4 days) is complemented by 
the long half-life of zirconium-89. The siderophoric ligand deferoxamine (DFO) is 
the most important chelator of Zr(IV) (Figure 2). It is a hexadentate ligand 
containing three hydroxamate groups for chelating metal and a primary amine tail 
for conjugation to a biomolecule. Two coordination sites remain available for 
coordination with, for example, water molecules.  Due to the numerous 








3.1.2.2   Single-Photon Emission Computed Tomography 
The SPECT method is able to detect γ-photons of different energies emitted 
by radionuclides which are injected into the bloodstream. Following the expansion 
of PET, it seemed that SPECT would be replaced by this more powerful technique 
because SPECT has lower spatial resolution and is less quantitative than PET. In  
fact, it still plays an important role in diagnostic nuclear medicine. 34,35 The main 
reason is its wide availability, existence of many probes and lower financial cost. 
By far the most used radionuclide in SPECT is the 99mTc isotope. The number of 
clinical examinations using this isotope exceeds the number of PET agents. 34,36 
99mTc isotope has single-energy gamma emmision decay and 6.0 hours half -life.37 
The physical characteristics of radionuclide (E = 140.5 keV) occur minimal 
radiation burden to the patient and are almost ideal for SPECT imaging. Metastable 
technetium-99 decays into a very weak β‒  emitter 99Tc, which does not interfere or 
reduce image quality.13 99mTc is prepared in 99Mo/99mTc generators, which provide 
technetium in its highest oxidation state +7. 38 Technetium has a wide range of 
oxidation states but, for applications in nuclear medicine, the most common states 
are +1, +3 and +5. Nowadays, this radionuclide is the driving force of medical 
imaging and is used in 70‒80% of all radiodiagnostic scans. Typical donor groups 
in technetium complexes are amines, amides, thiols, phosphines and isonitriles. 
The coordination numbers of technetium range from 4 to 9.39 
Chemistry of technetium is remarkable due to this element is able to form 
characteristic inorganic functional moieties. 34 
The complexes of technetium(I) are characterized by high stability, inertness 
and tend to prefer an octahedral coordination geometry. Undoubtedly, the 
best-known 99mTc(I) radiotracer is 99mTc(I)-hexakis(2-methoxy-2-
methylpropyl)nitrile, also known as [99mTc]Tc-MIBI or [99mTc]Tc-sestamibi 
(Figure 3). The main clinical aplication of [99mTc] Tc-MIBI is the myocardial 
imaging.13,40 
99mTc(III) ion has a d4 electron configuration and forms a hexa or 
heptacoordinated complexes with wide range of ligands. The most widely known 
tracers are [99mTc]Tc-teboroxime and [99mTc]Tc-Q12 (Figure 3) and both are 
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myocardial perfusion imaging agents. Teboroxim is the  boronic acid adduct of 
technetium dioximes  (BATO)  family of compounds and the Q12, also known as 
[99mTc] Tc-furifosmin, is a hexacoordinated compound with two trans monodentate 
trialkylphosphine ligands and one tetradentate N2O2-based Schiff base ligand.
13,41 
The compounds of 99mTc(V) represent the biggest part of radiotracers based 
on technetium. The complexes have a d2  electron configuration and generally 
prefer a pentacoordinated square pyramidal or a hexacoordinated octahedral 
geometry. The majority 99mTc(V) compounds can be divided on two groups. The 
first group constituted substances containing [99mTc] [Tc(V)=O]3+ bonds and the 
second one involving [99mTc] [Tc(V)=N]2+ bonds.42 
 
 
Figure 3: [99mTc]Tc-MIBI, [99mTc]Tc-Teboroxime, [99mTc]Tc-Q12, [99mTc]Tc-HMPAO 
(omitting charges for simplicity). 
 
The [99mTc]Tc-hexamethylpropyleneamine oxime ([99mTc]Tc-HMPAO; 
Figure 3) is an example of the first group of compounds. It represents 
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a second-generation complex with primary application in brain imaging. 
However, the potential of this radiopharmacum lies in the ability to label 
leukocytes. Thus, it is used as a whole-cell labelling reagent for intra-abdominal 
infections and inflammatory bowel disease. 13,43,44,45   
After the 99mTc isotope, 111In is the most popular metal radionuclide for 
SPECT. The half-life of 111In is 2.8 days. The decay takes place by means of 
electron capture (100%) with emissions of γ radiation. 111In is commercially 
produced in a cyclotron by proton bombardment of a cadmium target  
(111Cd(p,n)111In or 112Cd(p,2n)111In reaction). The In(III) ion is a relatively hard 
cation, making it preferable for chelators with hard donor atoms. Indium can reach 
coordination numbers 7 and 8.  One of the main applications is labelling of red 
cells, platelets and leukocytes. In order to pass cell membranes and label 
intracellular proteins, the nuclide has to create complexes with lipophilic 
chelators. One of those lipophilic chelators used for this purpose is the 
8-hydroxyquinoline (oxine) and forms the hexacoordinated [ 111In]In(oxinate)3 
(Figure 4).39,46,47,48,49  
 
 




3.2   Chelating agents 
Metal isotopes cannot be administered to the patient in free form but must 
be bound to a suitable carrier.  However, there are only a few chelating systems 
that are commonly used. Each chelating group should show a high reactivity 
towards the metal, which should lead to a stable coordination 
arrangement.34,50,51,52,53 In medical applications, great emphasis is put on high 
thermodynamic stability and kinetic inertness of the compounds. The optimal 
ligand should bind the target metal ion with high specificity, yield and 
complexation rate. The kinetic inertness of the resulting complex has a higher 
priority over the thermodynamic stability because it prevents transchelation and 
transmetalation after injection of the complex into the body. 54,55 
The most commonly used chelators in MRI and radioactive contrast agents 
can be divided into acyclic and macrocyclic. In general, complexes with acyclic 
chelates (e.g. EDTA or DTPA) are less kinetically inert than complexes with 
macrocyclic ligands, although thermodynamic stability is comparable. 56 Despite 
the unique coordination chemistry of each metal, there is a group of chelating 
ligands used in a wide variety of radioactive isotopes. The azacrown derivatives 
TACN (1,4,7-triazacyclononane), cyclene (1,4,7,10-tetraazacyclododecane) and 
cyclam (1,4,8,11-tetraazacyclotetradecane) are the most studied (Figure 5). 
The affinity of tetraazamacrocycles for specific ion depends on the size of 
cycle, the flexibility of the backbone and the character and number of coordinating 
atoms. Various macrocyclic polyamine derivatives have been prepared. They show  
increased affinity and stability of the complex towards certain metallic cations  
(transition metals or lanthanoids) . The azamacrocyclic complexes have found use 
in a wide range of application depending on the type of chelated ion.  
However, most applications involve medical imaging agents. 57,58,59,60,61 The 
coordination and solution chemistry of metal ions must be well known in order to 
prepare a suitable chelating ligand. Stability is a key issue for all complexes in a 
biological system because the metal ion must remain bound and in some cases, t he 
complex must be eliminated unchanged. It is of the utmost importance that the 
chelating ligand corresponds to the particular radioactive isotope. The total charge 
of the complex must also be taken into account, as it may affect the biodistribution 
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of the radiopharmaceutical. Macrocyclic chelates form highly stable complexes 
and provide the opportunity to tune the coordination environment through 
functionalization.39,62 It is well known that thermodynamic and kinetic stability of 
complexes increase in the order of monodentate ligand < linear or branched 
chelating ligand < macrocyclic ligand < macrobicyclic ligand or cryptate (applies 
to the same donor atoms). This sequence can be simply explained as follows: with 
the same complementarity, the stability of the complex increases with the 
topological complexity of the ligand, which is evident from the chelating 
effect, the macrocyclic effect and the cryptate effect. 63,64 
Numerous highly pre-organized molecules, such as azamacrobicycles, have 
also been synthesized. The majority is based on cyclen and cyclam. 65 It seems that 
kinetic inertness of bridged macrocyclic complexes, especially in aqueous 
solution, is truly outstanding. The acid assisted decomplexation became the 
appropriate indicator of inertness.54,66,67 Nowadays, the synthesis of bridged 
polyazamacrocycles is of high interest. They are characterized by unusual basicity 
(proton-spongies character),68,69,70,71,72,73 redox behaviour74,75 and coordination 
chemistry.64,76,77,78,79 Based on the size, macrocyclic ligands can be divided into two 
groups. Smaller cycles allow the coordination of only one metal ion, while larger 
bicyclic derivatives allow the coordination of two metal ions in individual 
macrocyclic cavities. However, these are generally not very suitable for molecular 
imaging, as the presence of two coordination cent res usually complicates metal 
coordination and system stability.39,62 
The systematic study of macrobicyclic compounds with different chain 
length and various donor atoms and substituents on nitrogen atoms allowed to 
individualize the remarkable rigidity thanks to topological features of cage -like 
ligands. The preorganization affects basicity of nitrogen atoms and, thus, these 
molecules show higher basicity than analogous acyclic or monocyclic compounds. 
The higher basicity was explained as a consequence of the dense hydrogen network 
formed by the acidic proton inside the macrobicyclic cavity. 80,81,82,83,84,85,86,87 
Despite the considerable scientists effort and the wide range of cyclen and 
cyclam tetraazamacrocyclic derivatives, such as their tetracarboxymethylated 
derivatives DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid; 
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Figure 5) and TETA (1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetraacetic acid; 
Figure 5), there is emphasized need for more inert chelators to increase stability 
of their complexes in vivo. With this in mind, new ligand systems have been 
developed including those based on bridging of two adjacent nitrogen atoms 
(side-bridged; sb) and two non-adjacent nitrogen atoms (cross-bridged; cb) 
tetraazamacrocycles.54,88 The connecting of adjacent nitrogens in macrocycle 
provides an appropriate method for reducing the propensity of a macrocycle to bind 
to transition metal ions in a cis-(folded) conformation rather than a trans-(planar) 
conformation. The connection of non-adjacent nitrogen atoms creates the 
cross-bridged derivatives which may adopt conformations where every nitrogen 
lone pair is pointing inside the cavity. Furthermore, the short bridging chain causes 
the relative rigidity of the ligand and the pointing of nitrogen lone pairs in a  
cis-folded geometry encourages distorted coordination modes as 
tetrahedral, distorted trigonal bipyramidal, pseudo-octahedral or also distorted 
square pyramidal.89,90,91,92,93 The short bridge rigidizes macrocycle and gives the 
ligand topological features of classical cryptands.  The numerous studies have 
shown that the complexes of the first -row transition metals with ethylene 
cross-bridged tetraazamacrocycles are among the most kinetically stable  
complexes. Nonetheless, their tetradentate disposition ensures additional 
coordination sites which are labile and allow a reactivity and/or binding ability. 
Ethylene and propylene cross-bridged ligands have become the most widely used 
group of macrobicycles.73,75,94  
 
 
Figure 5: Non-bridged ligands discussed in the text. 
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Forty years ago, Wainwright reported the first  case of bridging by simple 
cis-alkylation of a macrocycle. The ethylene bridged cyclam was prepared using 
cyclam and 1,2-dibromoethane (sb-cyclam; Figure 7).89 Two years 
later, Ramasubbu and Wainwright prepared a similar compound based on cyclen 
(sb-cyclen; Figure 7).90,95 The preparation of side-bridged derivatives was also 
discussed in works of Hancock and coworkers, who prepared various 
ethylene-bridged macrocyclic tetraamines to promote trans-coordination of the 
transition metal cations.76,92,96,97 The first cross-bridged structure was designed and 
synthesized by Weisman and coworkers in 1990. The approach based on bisaminal 
chemistry brought the N-methylated cross-bridge cyclam derivative. Preparation 
of bisaminal lies in the reaction of cyclam with glyoxal  in acetonitrile. The 
exhaustive methylation of bisaminal leads to dimethylated bisaminal diiodide 
which is transformed into the product by reductive ring cleavage  (Scheme 1). The 
high regioselectivity of bis quaternization lies in the conformation of bisaminal 
(Figure 6). The molecule has a convex and concave face. Only the two nitrogen 
lone pairs on the convex face are sterically available for alkylation.54,91,93,98,99  
 
 
Figure 6: Conformation of bisaminal. 
 
The similar cyclen derivative was prepared by Bencini and coworkers. 84 The 
high rigidity of derivatives caused by ethylene bridge gave their copper complexes 
outstanding kinetic inertness.63,64,100 The bridged derivative of functionalized 
cyclam was first introduced in 2000 by Wong and coworkers (cb -TE2A; 
Figure 7).92 Its cyclen counterpart cb-DO2A (Figure 7) was synthesized a few years 
later. In complexation studies with copper, it showed much lower kinetic stability 
than cb-TE2A.56 Since then, various ethylene-bridged derivatives have been 




Another interesting and studied type of bridge is the propylene bridge. In 
1995, Springborg and coworkers published propylene cross -bridged 
tetraazamacrocyclic compound, pcb-cyclen (Figure 7). The particular attention was 
paid to preparation and study of complexes of this ligand with Cu(II) ion with 
additional ligands (Br‒, I‒, OH‒, H2O and NH3) bound in the vacant coordination 
site.106,107 In 2011, Odendaal and coworkers reported a new propylene -bridged 
DOTA derivative (Figure 7). The copper complex of pcb-DO2A showed higher in 
vitro stability than copper complex of cb-TE2A.108,109 The cyclam-based derivatives 
were also studied. Pandya and coworkers introduced various types of 
azamacrocyclic chelators which were able to form stable Cu(II) 
complexes, including pcb-TE2A (Figure 7). The usage of the bridge for 
conjugation with biomolecules was also interesting. This research group 
also prepared a ligand derived from pcb-TE2A with attached NCS functional group 
to the propylene bridge for conjugation to appropriate biomolecule (pcb-TE2A-Bn-
NCS; Figure 7). The Cu(II)-pcb-TE2A was found to show much higher kinetic 
stability than Cu(II)-cb-TE2A in acid-assisted decomplexation studies. The 
quantitative radiolabeling of pcb-TE2A with 64Cu was achieved under milder 
conditions compared to cb-TE2A. Moreover, the Cu(II)-pcb-TE2A showed high 
resistance to reduction-mediated demetallization.109,110,111 Compared to their 
structural analogues (cb-TE2A and TE2A-Bn-NCS), the propylene bridged 
derivatives of TE2A showed potential as promising bifunctional chelators for 
64Cu.52    
  
 
Scheme 1: Preparation of N-methylated cross-bridge cyclam derivative. 
 
The derivatives with more than three members of the bridged were also 
prepared. For example, in addition to the ethylene cross-bridge, Bencini and 
coworkers published cyclen derivatives with tetra-, penta- and hepta-methylene 
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bridges.71,112,113 Denat and coworkers designed and synthesized two small 
aza-cryptands derived from cyclam. The first derivative contains -CH2-Ph-CH2- 
cross-bridge and the second one has -CH2-Py-CH2- unit (Figure 8).
65 Dapporto and 
coworkers prepared the cross-bridged cyclen derivatives with a bridge containing 
a -C2H4XC2H4- unit, where X represents -N(CH3)-, -N(Bz)-, -NH- or -CH2NHCH2- 
(Figure 8). In their work, they paid attention to the influence of nitrogen atoms 
protonation on cage-like topology.80 
 
 
Figure 7: Ethylene and propylene bridged ligands discussed in the text. 
 
The ligand backbone based on hexaammine macrobicyclic cage is used in 
sarcophagines (Sar) ligand family. The encapsulating character of sarcophagines 
results in impressively stable complexes.  The mentioned ligands are capable of 
quantitative binding of copper(II) ions with a high complexation rate.  The 
complexation runs under soft conditions at remarkably low concentrations, at room 
temperature and in the pH range 4‒9. Due to these properties, sarcophagine ligands 
are especially suitable for radiopharmaceut ical applications in PET.54,104,105,114,115,116 
The well-known example of the sarcophagine ligand is Diamsar (1,8-Diamino-
3,6,10,13,16,19-hexaazabicyclo(6,6,6)eicosane; Figure 8).117 
Nowadays, scientists are focused mainly on the preparation of 
ethylene-bridged derivatives which complexes are sufficiently stable for use in 
medical applications. The commonly used strategy for metal drug design is termed 
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a bifunctional approach . The pharmaceuticals consist of a chelating group for 
metal and a pharmacophore which are connected by a suitable chemical linker to 
form a conjugated complex. The pharmacophore should be selected exactly 
according to the intended biological target from a multitude of endogenous and 
exogenous biomolecules (antibodies, proteins, peptides and other biologically 
relevant small molecules), or drug libraries.54,118,119 Attention is also paid to the 
N-functionalization of azamacrocycles. The pendant arms are used for structure 
and feature modification. There are several pendants used for these purposes. The 
most common are, for example, acetate, pyridine, amide, phenolate , picolinate 
pendant arms. Furthermore, ligands based on phosphonic and phosphinic acids 
form a significant group of chelators. This work also deals with phosphorous  armed 









3.3   Pendant arms 
The azamacrocycles themselves have not the best properties for usage in 
MRI or radiomedicine. Their complexes are struggling with several obstacles. The 
first one is the positive charge of the resulting complex since the aza macrocyclic 
skeleton has no charge. The charged complexes are not suitable for most 
biomedical applications. Working with a relatively high concentration of the 
contrast medium causes a problem with the ionic strength of the solution, for 
example in MRI. Another problem is the generally slow complexation of the metal 
ion. The complexation of macrocyclic compounds does not occur sequentially as 
it knows for the linear ligands. Coordinated bonds arise simultaneously. An 
example is a cyclen complex in which all four bonds are formed at the s ame time. 
For acceleration of complexation, they need assistance  for metal ion transfer to the 
macrocyclic cavity. Also, the stability of azamacrocycles is not sufficient for safe 
usage. To overcome the mentioned problems and to create potentially applicab le 
substances, pendant arms are attached to the macrocycles .120 The suitable selection 
of pendants also enables ligand selectivity for the particular metal ion . A multitude 
of synthetic methods for preparing the macrocycles as well as  for ligand 
functionalization by incorporating pendant arms  exist. Some of the most used 
pendants were mentioned in the previous chapter. A lot of attention has been paid 
to the preparation of acetate functionalized azamacrocyclic chelators , such as 
derivatives of DOTA, TETA (Figure 5) and NOTA (1,4,7-triazacyclononane-1,4,7-
triacetic acid; Figure 9), based on cyclen, cyclam and 
TACN, respectively.57,118,119,121 Acetate-functionalized substances also include 
bridged derivatives. However, they have an even slower rate of complex formation 
compared to non-bridged derivatives. An example is bifunctional chelator 
cb-TE2A whose binding to radio-copper is slow, and, it requires relatively harsh 
labelling conditions (heating to 95 °C for approximately 1.5 hours). This 
circumstance may constrain its bioconjugation with more fragile target groups.  
To solve the slow kinetics of the formation , Ferdani and coworkers 
developed the second generation of cross -bridged derivatives comprising 
phosphonate pendant arms. Specifically, it is a cb-cyclam with two phosphonate 
pendants (cb-TE2P; Figure 9) and cb-cyclam with one acetate arm and one 
phosphonate arm (cb-TE1A1P; Figure 9).55 Boswell and coworkers came with a 
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new ethylene side-bridged cyclam analogue featuring one pendant acetate arm and  
one pendant methylene phosphonate arm (sb-TE1A1P; Figure 9).122 The above 
provides insight into the importance of another widely used pendant arms.  These 
pendants are derivatives of phosphoric acid in which either one hydroxyl group is 
replaced by an organic substituent (phosphonic acids; Figure 10) or two hydroxyl 
groups are substituted by organic substituents or hydrogen and an organic 
substituent (phosphinic acids; Figure 10). The other classification of these 
substances is according to the distance of the phosphonate group from the 
macrocycle nitrogen. The methylene group is the most common spacer between 
phospho(i)nates and the nitrogen atom of the ring. Compounds with this spacer are 
called -phospho(i)nates. Thus, attached pendant arm represents an important 
coordination component of the ligand.  A group called distal phospho(i)nates 
includes compounds with longer spacer than methylene. On the contrary, such 




Figure 9: NOTA ligand and ethylene bridged ligands with phosphonate/acetate pendant arms. 
 
The phospho(i)nate derivatives undergo dissociation  at a lower pH than 
carboxylates and modify the basicity of the ring amine groups. It has been reported 
that cyclen and cyclam derivatives with these pendants have accelerated metal 
binding kinetics compared to their carboxylate analogues while retaining t he high 
thermodynamic stability of their complexes. 120,123,124,125,126,127 They also show 
excellent coordination selectivity. The protonation of phospho(i)nates oxygen 
atom is difficult to achieve. As a result, the metal complexes are sufficiently stable 
on proton-catalyzed dissociation pathways, which is essential for in vivo  
applications. Phospho(i)nates also increase the hydrophilicity of the 
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complexes, which alters the pharmacokinetics.128,129,130,131,132,133,134 Several 
tetraazamacrocyclic chelators with phosphorus pendants have already been 
studied.127,134,135,136,137,138,139,140,141 The following pages are devoted to features and 
applications of the phospho(i)nate derivatives. 
 
 
Figure 10: Structure of organophosphorus acids. 
 
3.3.1   Phosphonates 
Bone metastases are a class of cancer metastases that result from the 
invasion of a tumour into the bone. They are a common syndrome of many 
advanced cancers. Solid matter that forms inside the bone i s associated with severe 
pain, spinal cord compression, and pathological fractures. As many as 50% of 
patients prescribed anti-resorptive drugs for the treatment of bone metastases 
develop new bone metastases, skeletal complications and disease progression . This 
fact emphasizes the need for new therapies. 142,143,144,145,146,147 The characteristic 
feature of phosphonates is increased absorption on hydroxyapatite (HAP), which 
is a major inorganic component of bone tissue. Thus, compounds containing a 
phosphonate group are efficiently adsorbed on the bone surface  and are used for 
bone targeting. The coordination of the metal ion in the macrocyclic cavity leads 
the phosphonate groups of these ligands to a relative position that is effective for 
binding to the bone surface. Biodistribution experiments have shown that at least 
three phosphonate and two bis(phosphonate) groups are required for efficient bone 
binding. The complexes with bis(phosphonate) pendant arms are very crucial for 
targeting purposes. Since the bis(phosphonate) group is not coordinated to the 
central metal ion, it remains active in targeting bone.  Conventional 
treatments, including systemic administration of bisphosphonate drugs, aim to 
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reduce pain and improve the patient's quality of life. In addition to the therapy of 
osteolytic bone tumours, bis(phosphonates) can act as anti-resorptive agents in 
several types of bone diseases, such as osteoporosis, Paget's disease and 
rheumatoid arthritis.143,148,149,150,151,152,153,154 Therefore, special attention will be paid 
to these compounds (see below). The complexes of phosphonates with 
radionuclides are widely used as radiodiagnostics ( 99mTc, 186Re), radiotherapeutics 
(90Y, 153Sm, 166Ho) and for the palliative treatment of bone metastases ( 153Sm, 
186Re).126,149,152,153,154,155,156 
Many polyphosphonate complexes have been studied and used as bone 
targeting agents. In 1984, Kabachnik and coworkers introduced methylphosphonic 
group to cyclen and TACN and synthetized 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetrakis(methylphosphonic) acid (DOTP; Figure 11) 157 and 
1,4,7-triazacyclononane-1,4,7-tris(methylphosphonic) acid (NOTP; Figure 11), 158 
respectively. Three years later, the same research group prepared 
methylphosphonate derivative of TETA specifically 
1,4,7,11-tetraazacyclotetradecane-1,4,7,11-tetrakis(methylphosphonic) acid 
(TETP; Figure 11).159 The most common ligand is DOTP. The l igand forms stable 
complexes with many metal ions and has therefore been used as a carrier for a wide 
variety of radionuclides.153,160,161,162,163 
A series of DOTA analogues containing two (DO2P1,7; Figure 11), three 
(DO3P; Figure 11) or four (DOTP) methylphosphonic pendants were radiolabeled 
with 64Cu in high radiochemical yields. All showed significant bone uptake which 
makes them potential PET bone imaging agents, as well as bone palliat ion and 
therapy agents.120,126,164,165,166 Of the three complexes, 64Cu-DO2P1,7 showed the most 
optimal clearance through blood and liver. 64Cu-DO3P and 64Cu-DOTP showed 
higher liver uptake and longer retention of liver activity. The reason is presumably 
the large negative charge of the complexes under physiological conditions. Due to 
their structural similarity to DOTA analogue, DOTP and its monoesters have  been 
extensively studied for their potential applications as MRI contrast agents and 
clinical uses as NMR shift and relaxation reagents.120,126,164,165,166,167,168,169,170  
The ligands were also studied for application in MRI imaging. The DO2P 1,4 
ligand (Figure 11) with Mn(II) ion showed low relaxivity.  There is probably not 
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enough space for directly coordinated water in its coordinating sphere. Thus, the 
relaxation is caused only by the contributions of the second and/or outer sphere.  
Studies on Ln(III) complexes have led to the conclusion that the Gd(III) complex 
exists in equilibrium of mono- and bis-hydrated species in an aqueous solution.  
The complex showed a higher relaxivity than the Gd(III) complex of DO3A ligand 
with two coordinated water molecules . Presumably due to the presence of strong 
hydration of the second sphere induced by phosphonate groups.  Compared to its 
1,7-analogue, the Gd(III) complex of DO2P 1,4 is ~1 order of magnitude more 
stable. The reason could be a disubstituted ethylenediamine -like structural motif 
that allows more efficient wrapping of metal ions. Measurement of 17O NMR shift 
of the water signal showed that the aforementioned DO2P 1,7 ligand with 
dysprosium formes the complex with two water molecules coordinated in the inner 
sphere. The water proton relaxivity data for Gd(III) and Eu(III) complexes 
provided information about the formation of diprotonated out-of-cage complexes 
at pH below 6.5. The phosphonate groups of DO2P in these complexes are only 
involved in the bond with the lanthanide cation.165,171 
The cyclam derivatives with methylenephosphonic arms were also 
investigated. Specific attention was paid to Cu(II) binding due to the increased 
selectivity of the cyclam ring system for small metal ions.125,164,172 The TE1P ligand 
(Figure 11) forms a very stable Cu(II) complex (logβ(CuL) = 27.34) with high 
selectivity for copper. The stability of the zinc complex is more than 6 orders of 
magnitude lower (logβ(ZnL) = 21.03).124 The cyclam derivatives with 
methylenephosphonic pendants in trans position (1,8) and the substituent R = H, 
Me, CH2Ph in positions 4 and 11 shown high basicity as a consequence of the 
intramolecular hydrogen bonds. It suggests the high thermodynamic stability of 
their metal complexes. The ligand with substituent R = H (TE2P1,8; Figure 11) has 
a high selectivity for copper ions with fast complexation kinetics at pH  close to 
physiological and a high kinetic inertness. High hydrophilicity is also significant 
due to the presence of phosphonate groups.125,172 The cyclam ligand with 
methylphosphonic acid in position 1 and 4 was also studied (TE2P1,4; Figure 11). 
Its complexing properties towards selected  metal ions were detected. As well as 
TE2P1,8 ligand, TE2P1,4 has a high selectivity for Cu(II) ions (logβ(CuL) = 27.21). 
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The stability of the zinc and nickel complexes is notably lower with values of the 
stability constant 20.16 and 21.92, respectively.173 
 
 
Figure 11: α-phosphonate ligands discussed in the text. 
 
In 1988, Medveď and coworkers have started with the preparation of distal 
phosphonates.174 Concretely, they synthesized the TACN derivative in which ring 
nitrogen atoms are separated from the phosphonate group by ethylene moiety 
(NOTPet; Figure 12). In comparison with methylene spacer, the presence of a 
longer chain led to change in the dissociation mechanisms of the compound. 
Authors investigated the complexation character of the ligand with a wide range 
of divalent and trivalent ions.  The comparison of efficiency and selectivity of 
complex formation between NOTP and NOTP et showed that the latter has high 
selectivity to Cu(II) and is generally a more selective agent towards the studied 
cations. Contrary, the complex formation with NOTP et is much less efficient. This 
is presumably due to the lower stability of six-membered chelate rings of 
compound NOTPet compared to the five-membered rings formed by the pendant 
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groups of NOTP. Polikarpov and coworkers studied analogous cyclen derivative 
DOTPet (Figure 12) and compared the properties of complexing agents with  
methylene (NOTP, DOTP and TETP) and ethylene (NOTPet and DOTPet) spacer. 
The characteristic feature of DOTP et ligand is the formation of an extremely stable 
complex with Cu(II) ion. In addition, the stability constant of the copper complex 
is up to 12 orders of magnitude higher than the stabil ity constants of the Co(II) 
and Ni(II) complexes.  It turns out that the ethylene ones are weaker acids but they 
outperform their analogues in the selectivity of complexation.  In the complex 
formation efficiency, all studied ligands are comparable. 175   
 
 
Figure 12: Distal phosphonate ligands discussed in the text. 
 
The use of distal phosphonates as MRI contrast agents was investigated.  
Zhang and coworkers studied a pH-sensitive tetraamide-based ligand with 
extended non-coordinating phosphonate side chains  (DOTAMMeP; Figure 12).176 Its 
Gd(III) complex showed a unique sensitivity of water relaxivity, indicating its 
suitability for use in MRI experiments to monitor pH changes.  Lanthanide 
complexes of DO3A-alkylphosphonate ligands were also studied with the same 
intention. Specifically, these are ethyl- and propylphosphonates (DO3AP et, 
DO3APpr; Figure 12).177,178 Relaxometric experiments were performed on Gd(III) 
complexes. It was found that changing the pH of the medium from pH 7 to pH 4 
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increased the longitudinal relaxation of the GdDO3A-ethylphosphonate and 
GdDO3A-propylphosphonate complexes by 50% and 60%, respectively.  
Luminescence studies on europium(III) complexes supported the findings.  This 
change is explained by the decrease in the number of coordinate d water molecules 
from two to one. 
Bis(phosphonates) 
Vitha and coworkers prepared the DOTA analogue with 
phosphinato-bis(phosphonate) pendant arm (DO3APBP; Figure 13). The study with 
HAP model shown that the relaxivity of Gd(III)˗DO3AP BP complex is high. The 
geminal bis(phosphonic acid) moiety is a highly effective bone -seeking group and 
remains free for anchoring to osseous tissue. Thus, this compound has potential as 
a positive MRI contrast agent for bone and other calcified tissues. 153,179 The 
research of Meckel and coworkers was aimed at evaluating the pharmacokinetics 
and behaviour of the three bis(phosphonate)-functionalized ligands derived from 
DOTA (DOTAMBP, BPAPD and DO3APBP; Figure 13). High bone uptake values 
were observed for all studied bisphosphonates.  It was also found that the 
68Ga-labelled compounds showed rapid clearance from the blood and renal system. 
68Ga complexes were also characterized by low binding to soft tissue, leading to a 
high bone to blood ratio.142 Bergmann and coworkers recorded very positive results 
in the field of potential treatment of bone metastases. They synthesized dimeric 
bis(phosphonate) structures based on DOTA and DO2A (DOTA(MBP)2 and 
DO2A(PBP)2; Figure 13). The prepared macrocycles were labelled with 
177Lu 
β-emitter. The complexes showed high bone uptake along with very low soft tissue 
accumulation.143 Holub and coworkers studied two NOTA-like ligands with 
geminal bis(phosphonic acid) attached through acetamide (NOTAM BP; Figure 13) 
or methylenephosphinate (NO2APBP; Figure 13) spacers. Compounds were 
designed for the complexation of 68Ga. NO2APBP ligand showed a significantly 
faster complexation in chemical and radiolabeling studies. This comparison 
demonstrates the positive effect of phosphinates on the complexation rate. 
Unfortunately, both ligands suffer from slower complex formation compared to 
NOTA. The reason is a strong out-of-cage binding of bis(phosphonate) group. The 
efficient binding of 68Ga complexes to HAP was confirmed by in vitro sorption 
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studies. The complexes showed selective and high bone uptake in healthy rats by 
biodistribution studies ex vivo and by PET imaging in vivo.148 
 
 
Figure 13: Bis(phosphonate) ligands discussed in the text. 
 
Blood clearance of bis(phosphonates) in the blood is usually rapid. As a 
rule, only 30%‒40% of the administered dose is retained in the skeleton. Most of 
the activity is flushed out of the body through the urinary system. Longer blood 
circulation may increase the accumulation of bis(phosphonate) compounds in bone 
metastases. Because albumin is the most abundant protein in human plasma, in 
order to expose the body to a sufficient concentration of a therapeutic agent for a 
sufficiently long time, pharmaceuticals with albumin-binding peptides have been 
developed. This strategy has also been used for macrocyclic derivatives bearing 
bis(phosphonates). Meckel and coworkers modified the DOTAMBP with human 
albumin binding entity (DOTAGA(428-D-Lys)MBP; Figure 13) and studied the 
pharmacokinetics both ligands labelled with 68Ga(III). It was found that the 
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68Ga-DOTAGA(428-D-Lys)MBP shows significantly longer blood circulating time 
than 68Ga-DOTAMBP and delayed body clearance. Moreover, the ratio between the 
high-metabolic joints and the ordinary bone was also better for the modified ligand 
compared to the non-modified parent compound.144,145,146,147,180,181,182 
Recently, our research group found that the introduction of a strongly 
complexing pendant, such as bis(phosphonate) group, leads to a reduction in the 
rate of in-cage complex formation due to excessive stabilization of the out-of-cage 
intermediate.183,184,185 Therefore, it is necessary to keep in mind the possible 
limitations associated with the above-mentioned in the design of new effective 
bone targeting agents.  
3.3.2   Phosphinates 
Phosphinates are a very interesting group for the design of new ligands. One 
of their most important advantages is the structural variations of phosphorus 
substituents. The functionalization can be obtained via changing of R group in 
NCH2P(R)O2H arm.
141,186,187,188,189,190 The pentavalency of phosphorus enables 
attachment of alkyl or aryl substituent which  may lead to easier linkage to 
biomolecules, the control of ligand and complex lipophilicity or improvement of 
the ion selectivity of macrocyclic compounds. Each phosphinate group may bear 
two carbon atoms. Thus, it is one of the few negatively charged groups which can 
be incorporated in the middle of the chain .191,192,193 This exceptional property brings 
several advantages. It is possible to form ligands in which the macrocycle already 
has a compensated positive charge of the complex. It is also possible to form 
ligands with macrobicyclic structure. Another benefit is a significant increase in 
the complexation degree. It has been found that the introduction of a 
bis(phosphinate) pendant into the macrocyclic ring significantly affects 
complexation. Nevertheless, this group has not yet gained adequate attention. The 
evidence is a low number of publications and complexation studies on mentioned 
theme.194,195,196 
The disadvantage of phosphinates compared to carboxylate or phosphonate 
analogues is the formation of complexes with lower stability. Lazar and coworkers 
prepared methylene(ethyl)phosphinate derivative based on cyclen (DOT EP; 
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Figure 14). The phosphinate pendants are protonated only below pH 4. In 
comparison with DOTA, ligand forms less stable complexes with Cu(II), Zn(II), 
Cd(II) and Ln(III) ions. The main reason is the lower basicity of nitrogen and 
oxygen donor atoms. The similarity was found in the formation rate of lanthanide 
complexes. The DOTEP ligand, as well as DOTA, has a relatively slow rate of 
complexation in the pH range 6‒7. On the contrary, the kinetic stability of 
Ln(DOTEP)‒ complexes is high. In strong acid, they release free Ln(III) ions rather 
slowly.141  
Three investigated TRAP ligands (triazacyclononane phosphinic acids; 
Figure 14) were also compared with the DOTA derivative as one of common 
Ga(III) ion chelators. The 1,4,7-triazacyclononane derivatives bearing 
methylphosphinic (TRAP-H), methyl(phenyl)phosphinic (TRAP-Ph), or 
methyl(hydroxymethyl)phosphinic acid (TRAP-OH) pendant arms exhibited high 
thermodynamic selectivity for galium(III) ions. The complexes were kinetically 
inert in both acidic and alkaline solutions. Moreover, compared to DOTA 
derivatives, these new ligands show fast complexation (minutes) of Ga(III) over a 
wide pH range. Therefore, they may be an attractive alternative for the 
development of 68Ga radiopharmaceuticals.140 High thermodynamic stability and 
kinetic inertness also characterize the galium(III) complex of trisubstituted 
triazacyclononane with methyl(2-carboxyethyl)phosphinic acid pendant arms 
(TRAP-Pr; Figure 14). With a stability constant value of 26.24 and a high inertness 
to decomplexation, the Ga(III)-TRAP-Pr is suitable for positron emission 
tomography. Besides, labelling of the ligand with 68Ga is possible at ambient 
temperature and over a wide pH range.197  
The work of Pulukkody and coworkers has shown the versatility of 
macrocyclic azaphosphinic acids as complexing agents for in vivo applications. 
Through the selective functionalization of one ring nitrogen atom or by changing 
of P-substituent nature, they synthesized 18 novel cyclen compounds. Their 
anionic, neutral and cationic yttrium and gadolinium complexes differed  in 
lipophilicity and dissociation kinetics. Ligands DO3MePM and DOTMeP Ph 
displayed the best properties (Figure 14). The bifunctional complexing agent 
DO3MePM showed short synthesis, efficient 90Y labelling and easy protein 
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conjugation. The Gd(III)-DOTMePPh complex, in turn, is an interesting agent for 
MRI imaging. It is relatively stable in vivo with easy synthesis and purification.189 
 
Figure 14: α-phosphinate ligands discussed in the text. 
 
Cyclam derivatives bearing geminal bis(phosphinic) (TE1bpin ; Figure 14) 
or phosphinato-phosphonic (TE1bpon; Figure 14) pendant arms have been 
synthesized and studied as potential copper(II) chelators for nuclear medic ine 
applications. The ligands showed a unique combination of excellent properties. 
They were characterized by good selectivity for copper ions. The complexes had 
high thermodynamic stability and kinetic inertness. Radiolabeling with 64Cu was 
fast and effective even at room temperature. Moreover, the specific activities of 
the complexes were much higher than the activities of the NOTA and DOTA 
complexes prepared under the same conditions.196 The excellent properties 
provided by the bis(phosphinate) group were also demonstrated on the DOTA 
analogue bearing this pendant arm (DO3AP PIN; Figure 14). An improved yield of 
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177Lu(III) radiolabel was found for this ligand, which forms stable intermediates 
under acidic conditions.183 
Another group of derivatives are distal phosphinates. Examples are 
nonadentate ligands based on triazacyclononane containing pyridyl -2-phosphinate 
groups. These are chelators suitable for the complexation of  Ln(III) ions for use in 
luminescent applications. Phosphorus substituents have a common configuration 
in the complex and more effectively protect the excited Ln(III) ion from 
intermolecular quenching processes. Europium(III) complexes were investigated 
in cell imaging applications and selected terbium(III) complexes were studied as 
potential oxygen sensors. Emissive lanthanide(III) complexes are used as tags in 
biological assays or as intracellular optical probes. 198,199,200 Substances prepared by 
Walton and coworkers containing phenylphosphinate or methylphosphinate form 
an isostructural series of solid state complexes (TACN-pyridine-R-phosphinate; 
Figure 15).201,202 The Ln(III) ion is effectively protected from the solvent 
environment, which results in a very low relaxivity of the gadolinium complexes 
in the aqueous environment. This also leads to suppression of the deactivation of 
the emissive lanthanide excited state by the vibrational energy transfer to the 
solvent oscillators. Thus, the total quantum emission yields are very high for 
terbium(III), samarium(III) and dysprosium(III) complexes in the aqueous 
environment and the lifetime in the excited state is long and does not change 
significantly in D2O. Furthermore, a series of high-emission europium(III) 
complexes were prepared. In designing these systems, highly efficient shielding of 
the Eu(III) ion using triazacyclononane-based nonadentate ligands was combined 
with strongly absorbing p-substituted aryl-alkynyl groups (Figure 15). The 
complexes enter mammalian cells by macropinocytosis and selectively stain 
mitochondria. This allows the observation of Eu(III) emission in cellulo by 
time-limited spectral imaging. It is possible to use them in microscopic imaging. 199  
Many similar structures have been prepared and studied with p-methoxy, 
p-oxyacetate, p-gluconamide, and many other substituents. Complexes of such 
substances readily enter mammalian cells, preferentially staining mitochondria and 
subsequently migrating to lysosomes. Because it is easy to attach substituents to 
ring nitrogen or p-aryl sites, the development of additional organelle -specific or 
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responsive emission probes operating at low concentrations due to their high 
inherent optical brightness can be expected. 200,203,204 
 
The specific examples given above show the benefits of the usage of 
phosphinates. With their versatility, they make a significant contribution to the 
design of new, more efficient imaging agents for a wide range of medical 
applications. Our group has been very intensively involved in the preparation of 
phosphorus derivatives for decades. Therefore, many of them are mentioned in the 
submitted text.   
 
 




4   Bis(phosphinate)-bridged ligands 
Until now, only a few scientific works have dealt with the introduction of a 
phosphorus moiety into the macrocyclic chain.191,192,193 Excellent features of 
bis(phosphinic acid), which our group verified in recent studies,183,196 inspired us 
to use this group in the preparation of macrobicyclic ligands.  The TACN and the 
cyclen core have been chosen as default monocycles. The d esigned compounds 
bring the first insight into the properties of such modified ligands and their 
complexes with selected metal ions. The following chapters will be devoted to the 
synthetic strategy of ligands and the structure of their complexes.  Their 
thermodynamic properties will be also discussed. All details on this topic are 
presented in the papers reprinted in Appendices 1205 and 2206.     
 
 
Figure 16: The macrobicyclic derivatives of TACN and cyclen. 
 
4.1   Results and Discussion 
4.1.1   Synthesis and structure 
The synthetic strategy was based on the two-step reaction of the 
Mannich-type and the subsequent alkylation in the case of the cyclen derivative 
(Schemes 2 and 3). Each synthetic step is characterized by a high yield.  In the first 
step, the selected azamacrocycle (cyclen or 1-benzyl-1,4,7-triazacyclononane) was 
treated with methylene-bis(phosphinic acid) and paraformaldehyde under acidic 
conditions in aq. HCl. The sub-stoichiometric amount of paraformaldehyde 
ensured monosubstitution. The excess of azamacrocycle and 
methylene-bis(phosphinic acid) was removed by purificat ion on a strong 
cation-exchange resin. The second step included the reaction of compound 1a or 
1b from the first step and paraformaldehyde under acidic condition. The reaction 
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was performed under high dilution to prevent polymerization. The TACN product 
(H2bpbtacn; Figure 16) was obtained after purification on a strong 
cation-exchange resin (Scheme 2). The cyclen precursor (compound 2b) was 
purified by strong cation-exchange and flash chromatography. The two secondary 
amino groups of compound 2b were modified with chloroacetic acid which was 
added to the reaction in two portions. The alkylation ran under alkali conditions in 
presence of LiOH. The cyclen product (H4bpbcen; Figure 16) was obtained after 
purification of the mixture on a strong cation-exchange resin (Scheme 3).  
 
 
Scheme 2: Synthesis of H2bpbtacn. (i) CH2(PO2H2)2, (CH2O)n, 6 M aq. HCl, 60 °C, 3 d (83%); 
(ii) (CH2O)n, conc. aq. HCl:AcOH (1:1), high-dilution, 80 °C, 4 d (86%). 
 
 
Scheme 3: Synthesis of H4bpbcen. (i) CH2(PO2H2)2, (CH2O)n, 6 M aq. HCl, 40 °C, 2 d (75%); 
(ii) (CH2O)n, 6 M aq. HCl, high-dilution, 90 °C, 24 h (61%); (iii) ClCH2COOH, water, pH ~12 
(LiOH), 60 °C, 3 d (87%). 
 
The original idea was to remove protecting benzyl group from H2bpbtacn 
after connection of the bis(phosphinic) side bridge to TACN ring. Such a 
macrobicycle would have an available secondary amine for further 
functionalization. Unfortunately, deprotection was unsuccessful despite a number 
of attempts. No reaction was observed when debenzylation  methods run under 
ambient conditions (Pd/C with hydrogen or transfer hydrogenation by formate and 
hypophosphite). Increasing the temperature or pressure of the hydrogen, in turn, 
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led to the decomposition of the macrobicyclic structure. The decomposition 
occurred even after treatment with Cbz-chloride. Due to the unsuccessful 
deprotection, the benzylated ligand H2bpbtacn was further investigated.  
The copper and nickel complexes of H2bpbtacn and copper complex of 
H4bpbcen were prepared and their crystal structures were obtained. Because of a 
very similar structural motif found in H2bpbtacn complexes, the attention will be 
paid only to solid-state Cu(II) complex.  
Complexes of H2bpbtacn and H4bpbcen with Cu(II) ion are quite different. 
The copper complex [{Cu(bpbtacn)}2]·5H2O formes structural motif consisting of 
centrosymmetric dimeric species.  The central metal ion is hexacoordinated with 
distorted octahedral geometry. The equatorial plane comprises of two nitrogen 
atoms from macrocycle (N1 and N4) and two oxygen atoms from bis(phosphinic) 
side bridge (O11# and O21#) originating from the centrosymmetry-related 
neighbouring unit (Figure 17). Coordinated bis(phosphonate) thus formes a 
six-membered chelate ring. The axial positions are very distant due to significant 
Jahn-Teller distortion and are occupied with nitrogen atom N7 and oxygen atom 
O11 of the same ligand unit. Geometric parameters of  Cu(II) coordination sphere 
are outlined in Table 1.  
 
 
Figure 17: Molecular structure of the dimeric complex unit {[Cu(bpbtacn)]}2 found in the 
crystal structure of [{Cu(bpbtacn)}2]∙5H2O. Hydrogen atoms are not displayed for sake of 
clarity. Selected centrosymmetry-related atoms are labelled by “#”. Coordination bonds of each 





The crystal structure of the Li2[Cu(bpbcen)]·4H2O is formed by two 
centrosymmetrically related [Cu(bpbcen)]2‒ units connected through tetrahedral 
coordination to one of Li(I) counter-ion. The connection is via two oxygen atoms 
of bis(phosphonic) bridge (O11 and O21), one oxygen atom of the acetate pendant 
(O31) and one oxygen atom of bis(phosphinate) (O22 #) from 
centrosymmetry-related unit. The central metal ion is pentacoordinated and 
possesses a geometry of distorted square-pyramid. All four nitrogen atoms of 
macrocycles are coordinated. The N4-basal plane is almost perfectly symmetric. 
The fifth position is occupied with an oxygen atom (O11) of the side bridge 
bis(phosphinate) moiety. Because of the short chelate ring, the apical oxygen is 
unsymmetrically placed. The oxygen atom (O31) of one acetate pendant arm is 
rotated towards the copper ion (Figure 18). However, the Cu···O31 distance is too 
long (3.28 Å) to be a semicoordinative interaction (Table 1). 
 
 
Figure 18: (A) Dimeric structure {Li[Li(H2O)3][Cu(bpbcen)]}2 found in the crystal structure 
of Li2[Cu(bpbcen)]∙4H2O. The carbon-bound hydrogen atoms and one water molecule of 
crystallization are not displayed for sake of clarity. (B) Molecular structure of [Cu(bpbcen)]2‒ 
species found in the crystal structure of Li2[Cu(bpbcen)]∙4H2O. The hydrogen atoms are not 
displayed for sake of clarity. 
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Table 1: Geometric parameters of Cu(II) coordination sphere found in the crystal structures of 
[{Cu(bpbtacn)}2]∙5H2O and Li2[Cu(bpbcen)]∙4H2O. 
      
  [{Cu(bpbtacn)}2]∙5H2O   Li2[Cu(bpbcen)]∙4H2O 
  Distances (Å) 
 Cu1–N1 2.049(1) 
 Cu1–N1 2.068(2) 
 Cu1–N4 2.044(1) 
 Cu1–N4 2.120(2) 
 Cu1∙∙∙N7 2.330(1) 
 Cu1–N7 2.072(2) 
 Cu1–O11
# 1.935(1)  Cu1–N10 2.073(2) 
 Cu1–O21
# 1.966(1)  Cu1–O11 2.194(2) 
  Cu1∙∙∙O11 2.641(1)       
  Angles (°) 
 N1–Cu1–N4 84.16(5) 
 N1–Cu1–N4 84.07(7) 
 N1–Cu1∙∙∙N7 80.26(5) 
 N1–Cu1–N7 148.31(7) 
 N1–Cu1–O11
# 164.72(5)  N1–Cu1–N10 85.36(7) 
 N1–Cu1–O21
# 96.70(5)  N1–Cu1–O11 87.56(6) 
 N1–Cu1∙∙∙O11 84.73(4) 
 N4–Cu1–N7 87.32(7) 
 N4–Cu1∙∙∙N7 83.88(5) 
 N4–Cu1–N10 148.50(7) 
 N4–Cu1–O11
# 88.76(5)  N4–Cu1–O11 116.52(6) 
 N4–Cu1–O21
# 172.54(5)  N7–Cu1–N10 86.29(7) 
 N4–Cu1∙∙∙O11 109.29(4) 
 N7–Cu1–O11 123.33(7) 
 N7∙∙∙Cu1–O11
# 112.48(5)  N10–Cu1–O11 92.53(6) 
 N7∙∙∙Cu1–O21
# 88.95(4)    
 N7∙∙∙Cu1∙∙∙O11 158.94(4) 
   
 O11
#–Cu1–O21# 92.08(4)    
 O11
#–Cu1∙∙∙O11 84.87(4)    
  O21
#–Cu1∙∙∙O11 78.17(4)       
      
 Symmetry code #: −x+1, −y+1, −z+1.  
 
The similarity of the ligands lies in rigidity of the macrobicyclic 
structure, which does not allow simultaneous coordination of the azamacrocycle 
amine groups and both phosphinate anions of the pendant to the same metal ion . 
The bidentate attachment is possible , but either to the central atom of the second 
molecule (H2bpbtacn) or to the counter-ion (H4bpbcen). In addition, the fact that 
the bis(phosphinate) is monocoordinated does not allow to obtain the same 
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geometry for all three nitrogen atoms in H 2bpbtacn. Thus, one of the macrocycle 
chelate rings has to be twisted in the opposite direction to other ones. This 
phenomenon is very uncommon in complexes of TACN derivatives and suggests  
the considerable steric strain in the coordinated ligand.  
4.1.2   Equilibrium studies 
Protonation constants of the ligands and stability constants of their 
complexes with selected metal ion have been determined by potentiome tric 
titrations. For the H2bpbtacn  ligand, the three protonation constants were found. 
The first two determined constants are connected with macrocycle protonation 
(logK1 = 12.25 and logK2 = 5.74). The first protonation occurs in the strong 
alkaline region. The value is quite high, which may be concerned with the strong 
intramolecular hydrogen bond found in the solid-state structure of the ligand 
dilithium(I) salt (Appendix 1). This is also related to the observation of our 
research group that the introduction of a geminal bis(phosphinate) pendant does 
not decrease the basicity of the ring amines as in the case of a simple phosphinate 
group.120,196 This observation is also applied for H4bpbcen ligand with five 
determined protonation constants. The first two protonations lie within the range 
typical for ring amine protonations of substituted cyclen derivatives (log K1 = 12.70 
and logK2 = 9.15). The distribution diagrams showed that the monoproton ated 
species [Hbpbtacn]‒ and the diprotonated species [H2bpbcen]
2‒ are dominant in 
the neutral region. The bis(phospinate) group of both ligands is protonated only in 
strongly acidic solution (pH < 2.5; Table 2A). 
For H2bpbtacn ligand, only stability constants for copper complexes could 
be determined. The monoprotonated species [Cu(Hbpbtacn)]+ is formed at the 
strongly acidic pH (~1). It is presumably enabled by coordination of 
bis(phosphonate) group due to its high acidity. This assumption is also supported 
by UV-Vis measurements. The formation of a protonated complex was followed by 
increasing the intensity of d-d transition band in the pH range 1‒4. The position of 
the absorption band remains unchanged, which indicates coordination of oxygen 
donor atoms only (Figure 19). The fully deprotonated complex [Cu(bpbtacn)] is 
formed at pH > 4. The UV-Vis spectrum shows the blue shift of the absorption 
band maximum due to the coordination of ring nitrogen atoms on Cu(II) ion.  
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Unfortunately, the value of the stability constant for the stated complex is low and 
is more than ten orders of magnitude lower than that of [Cu(NOTA)]‒ (Table 2B).207 
This is attributed not only to the lower basicity of the macrocycle but also to the 
high rigidity of the ligand structure. It is also responsible for the sterically 
unfavourable TACN ring conformation described above. During the 
potentiometry, no changes of titration curves were observed for complexes of 
Zn(II) and Ni(II) ions at pH < 4. At this pH range, only a negligible amount of 
complex was formed, which suggests even lower stability of the zinc and nickel 
complexes compared to the copper complex.  This observation also coincides with 
the Irving-Williams series for the order of complex stabilities. The insoluble metal 
complexes were formed and precipitated in the measuring cell at pH > 4. 
 
 
Figure 19: Distribution diagram (A) and the UV-Vis spectra (B) of Cu(II)-H2bpbtacn system. 
 
The thermodynamic properties of the second studied ligand H4bpbcen were 
examined with divalent metal ions (Cu II, Zn II) but also with selected trivalent 
lanthanide ions (La III, Gd III, Lu III). Copper and zinc systems are mutually similar. 
In comparison to Cu(II)-H2bpbtacn system, their distribution diagrams 
additionally contain the diprotonated species.  Complexation of metal ions, as for 
H2bpbtacn, begins in the strongly acidic region to form a neutral [M(H 2bpbcen)] 
species. The chemical model of the Cu(II) -H4bpbcen system was confirmed via 
the UV-Vis measurements at various pH.  The result showed perfect conformity of 
d-d transition band intensity at 650 nm with a distribution diagram (Figure 20).  
The monoprotonated [M(Hbpbcen)]‒ species reaches the maximum abundance at 
pH ~3.5. At this pH, the fully deprotonated species [M(bpbcen)]2‒ starts to form. 
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As well as for Cu(II)-H2bpbtacn, the [M(bpbcen)]
2‒ are dominant species in the 
neutral region. The values of the stability constants of mono - and diprotonated 
species correspond to the values of protonation constants logK3  and logK4 of the 
free ligand. The mentioned indicates coordination of all nitrogen donor atoms 
which is supported by UV-Vis absorption spectres of the [Cu(H2bpbcen)] species. 
The values of stability constants for [Cu(bpbcen)]2‒ and [Zn(bpbcen)]2‒ 
complexes, unlike for the [Cu(bpbtacn)], are quite high. They are in accordance 
with the Irving-Williams series and are higher than stability constants for 
analogous ligands with phosphorous pendant arms. 171 This may be associated to 
high macrocycle basicity of the H4bpbcen  ligand. 
 For the Ln(III)-H4bpbcen systems, the similarity of stability constants and 
distribution diagrams is obvious. The distribution diagram consists of only two 
species, namely [M(H2bpbcen)]
+ and [M(bpbcen)]‒. The absence of the 
monoprotonated species is very common for Ln(III)-DOTA-like systems. It points 
to transfer of the out-of-cage complex to the in-cage complex via simultaneously 
removing of two protons bound on the ring nitrogen atoms at pH > 6. Thus, the 
diprotonated complex is coordinated only through donor atoms of pendants a nd the 
complexation starts at pH 1‒2. Dominant species in the neutral region is the 
negative fully deprotonated [M(bpbcen)]‒ complex. The thermodynamic stability 
of the Ln(III) complexes is very low. In comparison to Ln(III) -DOTA 
complexes, the values of stability constants are 7‒10 orders of magnitude 
lower.208,209 This is also reflected in the formation of Ln(III) hydroxides already in 
a weakly alkaline environment.  Presumably, even behind these values are the steric 
requirements of bis(phosphinate) group. The pendant arms in the Ln(III) -H4bpbcen  
complexes cannot have a synchronous orientation and one phosphinate group must 
be turned in the opposite direction. Thus, the simultaneous coordination of both 
phosphinate moieties is not allowed. All determined stability constants are 





Figure 20: Distribution diagram (A) and the UV-Vis spectra (B) of Cu(II)-H4bpbcen system. 
The absorption of Cu(II) complex at 648 nm is shown as red dots.  
 
Table 2: (A) Stepwise protonation constants of the ligands. Overall protonation constants logβ 
of the ligands are given in italics. (B) Stability constants logKML of the complexes. 
    H2bpbtacn H4bpbcen 
  A 
 logK1 12.25 12.70 
  12.25±0.01 12.70±0.01 
 logK2 3.65 9.15 
  15.90±0.02 21.85±0.01 
 logK3 1.44 4.39 
  17.35±0.02 26.24±0.01 
 logK4 ‒ 2.26 
  
 28.50±0.01 
 logK5 ‒ 1.08 
      29.58±0.02 
  B 
 Cu(II) 11.18 22.97 
 Zn(II) ‒ 19.59 
 La(III) ‒ 14.89 
 Gd(III) ‒ 14.90 





4.2   Conclusions 
The combination of macrocyclic ring with a geminal bis(phosphinate) side 
bridge arise the new class of macrobicyclic ligands. The preparation of the 
TACN-based derivative was a two-step procedure including the Mannich-type 
reactions. The ligand containing the cyclen core was synthesized by the 
combination of two-step Mannich-type reactions and alkylation. Both ligands were 
obtained in high yield. Potentiometric studies revealed low thermodynamic 
stability of the H2bpbtacn  complex with Cu(II) ion which is at tributed to the high 
rigidity of the ligand structure. The high rigidity is also responsible for 
monodentate coordination of the bis(phosphinate) group and the sterically 
unfavourable conformation of the TACN ring. On the other hand, the stability of 
the Cu(II) and Zn(II) complexes of H4bpbcen is similar to related DOTA-like 
derivatives which is presumably associated with the higher basicity of the 
macrocycle. Unfortunately, despite the same number and type of donor atoms, the 
H4bpbcen  is not appropriate for the coordination of lanthanide ions. This is also 
related to the geometry of the macrobicyclic ligand as in the case of  the H2bpbtacn. 
Given the properties of the H2bpbtacn  and H4bpbcen  derivatives, it is obvious 
that the other members of this class of chelators must have an optimized structure.  
Then new possibilities for their application in coordination chemistry will open 
up. 
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5   Cyclam derivatives for complexation of copper 
radioisotopes   
Copper is a promising therapeutic element and its radioiso topes are 
attracting increasing attention.  Cyclam and its derivatives are the ligands of the 
first choice for copper ions due to the high thermodynamic selectivity for Cu(II) 
and the high kinetic inertness of their complexes.125,196 We also focused on the 
design, synthesis and study of cyclam chelators.  Specifically, these are three 
bridged ligands with phosphonate (H4cb-TE2P), bis(phosphinate) 
(H4cb-TE2bpin) or phosphinate (H2cb-TE2PH) pendants and a non-bridged 
derivative with phosphinate-bis(phosphonate) (H5TE1PBP) pendant arm (Figure 
21). The structure of the bridged derivatives was chosen in an effort to increase 
the stability of the complexes and simultaneously accelerate the complex formation 
depending on the type of the used pendant arm. The ligand with bis(phosphonate) 
pendant, in turn, was designed for bone targeting and also to study the effect of a 
strongly coordinating pendant arm on the complexation rate.  
 
 
Figure 21: The cyclam derivatives with phosphorus pendant arms. 
 
The submitted chapter mainly deals with thermodynamic properties of the 
ligands and their Cu(II) complexes, as well as the formation and dissociation 
kinetics of these complexes. Moreover, the sorption on HAP, labelling and 
biodistribution studies are reported  for the non-bridged derivative. Less attention 
is paid to the synthesis and structure of presented compounds.  All detailed 




5.1   Results and Discussion 
5.1.1   Synthesis and structure 
The synthetic strategy of the presented ligands is based on phospha -Mannich 
reaction. Cb-derivatives were prepared via reaction of cb-cyclam with 
paraformaldehyde and the corresponding phosphorus precursor, specifically, 
phosphorous acid, methylene-bis(phosphinic acid) and hypophosphorous acid for 
H4TE2P, H4TE2bpin  and H2TE2PH, respectively (Scheme 4). The products were 
obtained by purification on strong cation exchange resin and in a high yield for 
phosphonate and phosphinate derivatives (~80%). The reaction for 
bis(phosphinate) derivative does not proceed quantitatively, thus, the H 4TE2bpin 
was isolated in a moderate yield (48%). The H 5TE1PBP ligand was prepared by 
reaction of triprotected cyclam with bis(phosphonate) -phosphinate reagent. After 
deprotection and purification on strong cation exchange resin, the H 5TE1PBP was 
obtained in zwitter-ionic form in 74% yield (Scheme 5).       
 
 
Scheme 4: Synthesis of cb-cyclam derivatives. (i) (CH2O)n, 12 M aq. HCl, 35 °C, 7 d (82%); 
(ii) (CH2O)n, 6 M aq. HCl, 60 °C, 2 d (48%); (iii) (CH2O)n, 50% aq. H3PO2, 60 °C, 3 h (78%). 
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Scheme 5: Synthesis of H5TE1PBP ligand. (i) (CH2O)n, dry pyridine, pyridine 
hydrobromide, Ar atmosphere, 40 °C, 18 h (79%); (ii) 6 M aq. HCl, reflux, 18 h (74%). 
 
The solid-state structures of H2TE2PH and H5TE1PBP ligand were 
determined. The H2TE2PH ligand crystallized in the pentahydrate form. Nitrogen 
atoms bearing the methylphosphinate groups are protonated and together with all 
nitrogen atoms of the macrocycle and one oxygen atom of each methylphosphinate 
group participated in the intramolecular hydrogen bond system. The intermolecular 
hydrogen bond system is formed by remaining phosphinate oxygen atoms and water 
molecules of crystallization. The geometry, bond lengths, and stru cture of 
hydrogen bonds are similar to those reported previously for the crystal structure of 
H2TE2P1,8·HCl·4H2O.
123 Compared to the described structure, the H5TE1PBP 
ligand does not contain such a rich network of intramolecular hydrogen bonds. One 
phosphonate group is disordered in two positions. This leads to two structures 
differing in the hydrogen bond system which is not observed in H2TE2PH·5H2O. 
In one structure of the H5TE1PBP, the disordered phosphonate group forms an 
intramolecular hydrogen bond with the phosphinate oxygen atom, while in the 
other structure it forms an intramolecular hydrogen bond to another phosphonate 
group. Both structures have two hydrogen atoms attached to the secondary amines 
of the macrocycle and one of the protonated nitrogen atoms forms a short 
intramolecular hydrogen bond to the oxygen atom of the phosphinate group. Each 
phosphonate group is monoprotonated (Appendices 3 and 4).  
After prolonged exposure of the copper phosphinate complex aqueous 
solutions to air, the coordinated ligand was oxidized and the [Cu( H2TE2P)·2H2O] 
complex crystallized from the system. In this complex, the central copper atom is 
hexacoordinated in the distorted octahedral coordination sphere, and two oxygen 
atoms from the phosphonate groups are located in the cis positions due to ligand 
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preorganization. All details as well as geometrical parameters of the crystal 
structure are given in Appendix 3.  
5.1.2   Equilibrium studies 
Protonation and stability constants of studied ligands and their complexes 
were determined by potentiometric titrations. The UV-Vis or NMR titrations were 
used when the measurements were performed in a strongly acidic or strongly 
alkaline environment, respectively. The high value of the first protonation constant 
was found for all studied ligands. The values were even so high for cross-bridged 
cyclam derivatives that they could not be determined even by NMR titrations. 
Therefore, after comparison with other analogous ligands, this value was fixed in 
the calculations at 15. Although the cb-cyclam itself is characterized by high 
basicity and behaves as a proton sponge,68 such high values were surprising for the 
H4cb-TE2bpin and H2cb-TE2PH ligands. The reason is that, unlike the 
phosphonate group, the phosphinate group generally reduces the basicity of the 
ring nitrogen atoms.120 The effect of the pendant arm was obvious at the second 
protonation constant of cb-derivatives. Consistent with the above, this value is 
quite high for H4cb-TE2P (11.22) but significantly lower for the phosphinate 
derivatives H4cb-TE2bpin (6.89) and H2cb-TE2PH (6.35). For the non-bridged 
derivative, the second protonation constant was also determined by NMR titrations. 
Because the values of the highly basic constants are close to each other, it was not 
possible to distinguish them completely. Compared to related cyclam ligands with 
phosphorus pendants,124,125,196 the values of the protonation constants of the 
H5TE1PBP ligand are higher (Appendix 4). The protonation constants log K3 and 
logK4 presumably describe the protonations of the bis(phosphonate) group and are 
comparable to the protonation constants of the M(II) -TE1PBP complexes. In these 
complexes, the metal ion is bound in the macrocyclic cavity and the 
bis(phosphinate) group remains free (Table 3A).  
The stability constants of the Cu(II) complexes are relatively high for all 
studied bridged ligands. The highest value was found for the phosphonate  
derivative (23.97), due to its high basicity of amines.  
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Despite the high basicity of the macrocycles of bridged derivatives, stability 
constants of their complexes are lower than those of the related non -bridged 
phosphorus derivatives H2TE1bpin (25.83; Figure 14)
196, H3TE1bpon (27.66; 
Figure 14)196 or pentacoordinated and hexacoordinated isomers of H 4TE2P1,8  
(25.40 and 26.50, respectively; Figure 11)125. The H5TE1PBP ligand also forms the 
more stable copper complex (29.16; Table 3 and Appendix 4). The explanation is 
the high rigidity of the cb-cyclam core, which does not allow the coordination of 
all four nitrogen atoms of the macrocycle in the equatorial plane of the square 
pyramidal or bipyramidal coordination sphere.  
   
Table 3: (A) Stepwise protonation constants of the ligands. Overall protonation constants logβ 
of the ligands are given in italics. (B) Stability constants of the complexes. 
      
    H4cb-TE2P H4cb-TE2bpin H2cb-TE2PH H5TE1P
BP 
  A     
 logK1 ~15 ~15 ~15  
  
   2 × 13.38 
 logK2 11.22 6.89 6.35 26.76±0.04 
  26.22±0.01 21.89±0.01 21.35±0.01  
 logK3 7.34 2.60 ‒ 11.83 
  33.56±0.01 24.49±0.01  38.59±0.01 
 logK4 4.63 1.35 ‒ 7.32 
  38.19±0.01 25.84±0.01  45.91±0.01 




 logK6 ‒ ‒ ‒ 2.07 
         51.27±0.02 
  B     
 Cu(II) 23.97 20.21 21.28 29.16 
 Zn(II) ‒ ‒ ‒ 20.74 
 Ni(II) ‒ ‒ ‒ 25.92 
  
      
    
The distribution diagrams of cb-derivatives are quite different from each 
other. The Cu(II)-H4cb-TE2P system includes diprotonated, monoprotonated and 
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fully deprotonated species, while the [Cu(Hcb-TE2P)]‒ is the dominant species in 
the neutral region. Protonation occurs at the uncoordinated oxygen atom of the 
phosphonate of each phosphonate group. The distribution diagram of the 
bis(phosphinate) derivative contains monoprotonated and fully deprotonated 
species and the [Cu(cb-TE2bpin)]2‒ is dominant at pH above 4. The H2cb-TE2PH 
ligand does not form protonated species and the [Cu(cb-TE2PH)] is dominant over 
the entire studied pH range (Figure 22). 
 
 
Figure 22: Distribution diagrams of (A) Cu(II)-H4cb-TE2P, (B) Cu(II)-H4cb-TE2bpin and 
(C) Cu(II)-H2cb-TE2PH systems (cM = cL = 4 mM, 25 C, I = 0.1 M NMe4Cl). 
 
More extensive thermodynamic studies have been performed for the 
H5TE1PBP derivative. Stability constants, as well as protonation constants with 
Cu(II), Ni(II) and Zn(II) ions, were determined.  UV-Vis titration was used for the 
evaluation of the Cu(II)-H5TE1PBP system since the complex is fully formed at a 
very low pH (1.6). The preformed complexes were utilized to determine 
protonation constants by potentiometric titrations. As mentioned above, the 
stability of the copper complex is high and the phosphinate -bis(phosphonate) 
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ligand is also characterized by a high selectivity for Cu(II) over Zn(II) and Ni(II) 
ions (Table 3B). From values of stability constants, it can be concluded that the 
metal ions are bound in the cavity of the macrocycle.  The determined protonation 
constants, in turn, indicate that the bis(phosphonate) group is not coordinated to 
the bound metal ions (Table 4). A comparison of the distribution diagram of 
Cu(II)-H5TE1PBP system (Figure 23A) with the distribution diagrams of the above 
cross-bridged derivatives shows that the former shows a higher abundance of 
different protonated species. In addition to the mono and diprotonated spec ies 
found in the Cu(II)-H4cb-TE2P system, the triprotonated neutral [Cu(H3TE2PBP)] 
species are present in the strongly acidic region.  Diprotonated [Cu(H2TE2PBP)]
‒ 
and monoprotonated [Cu(HTE2PBP)]2‒ species are present in the neutral region, in 
contrast to the H4cb-TE2bpin and H2cb-TE2PH copper complexes, which are fully 
deprotonated in this pH range. On the contrary, the formation of a deprotonated 
complex of H5TE1PBP derivative begins up to pH 10. Regarding comparison with 
related non-bridged ligands, the value of the H3TE1bpon ligand stability constant 
is closest to the value of the H5TE1PBP ligand. However, a comparison of their 
distribution diagrams shows only minimal system similarity.196 
Transmetallation can be excluded due to the favourable thermodynamic and 
kinetic properties of the Cu(II)-TE1PBP complex. Therefore, ternary complexes 
with Cu(II), Zn(II), Ca(II) and Mg(II) ions were also studied, as the 
bis(phosphonate) group interacts with metal ions present in solution. Diverse 
chemical models were found with species in ratios 1:1, 1:2 and 2:1 of 
Cu(II)-TE1PBP complex to M(II). The values of the stability constants indicate the 
highest stability for ternary complexes in which one bis(phosphonate) group is 
attached to one metal ion. Contrariwise, species in which two bis(phosphonate) 
molecules bind to one metal ion or one bis(phosphonate) molecule coordinates two 
metal ions show significantly lower thermodynamic stability (Appendix 4). The 
distribution diagram of the {Cu(II)-H5TE1PBP}-Ca(II) ternary system is 
characterized by a significant excess of ternary species already at a ratio of 1:1 
and the dominant species in the neutral region is monoprotonated neutral species 





Figure 23: Distribution diagrams of (A) Cu(II)-H5TE1PBP system (absorbance at 580 nm is 
shown as black dots) and (B) {Cu(II)-H5TE1PBP}-Ca(II) ternary system (cCu = cL = cCa = 4 
mM, only 1:1 complexes were included for simplicity reason). 
 
Table 4: Protonation constants logKn of in-cage complexes of H5TE1PBP (I = 0.1M NMe4Cl, 
25 °C). 
  Cu(II) Zn(II) Ni(II) 
logK1 12.69 12.29 11.76 
logK2 7.44 7.48 6.86 
logK3 3.46 4.35 ‒ 
 
5.1.3   Formation kinetics 
The rate of copper complex formation with cyclam ligands was studied by 
UV-Vis measurements. The obtained data were treated by a series of 
equations, which are stated in Appendices 3 and 4 with a detailed explanation.  
Copper complexes of H4cb-TE2P, H4cb-TE2bpin and H5TE1PBP were formed 
quickly, thus, the stopped-flow technique was used. Generally accepted 
complexation mechanism of macrocycles with pendant arms proceeds in two steps. 
The first equilibrium step involves the formation of the out-of-cage complex in 
which the metal ion is bound only through the pendant arms, while the macrocyclic 
cavity is blocked by protons bound to the amines. In the rate -determining step, the 
amines are deprotonated and the metal ion is bound in a macrocyclic cavity to form 
an in-cage complex. For the bridged ligands, the measurement was performed with 
an excess of metal ion, while the H5TE1PBP was measured with an excess of both 
metal and ligand. The obtained rate constants fkobs were plotted as a function of 




Figure 24: Formation of Cu(II) complexes: fkobs of (A) H4cb-TE2P, (B) H4cb-TE2bpin and 
(C) H2cb-TE2PH as function of copper(II) concentration (cL = 0.1 mM, 25 °C) at various pH 
values (given in the figures). Only selected curves are displayed. Solid lines represent the best 
fits according to Equation 2 or 6 (Appendix 3). 
 
The ligands H4cb-TE2P (at pH > 5.5) and H4cb-TE2bpin (at the entire 
measured pH range) show saturation curves indicating the forma tion of a stable 
reaction intermediate corresponding to the out-of-cage complex (Figure 24). The 
rate of in-cage complexation is proportional to the concentration of the out-of-cage 
intermediate. Thus, out-of-cage species are formed quantitatively with a large 
excess of metal ions. A more detailed analysis of the Cu(II) -H4cb-TE2P system 
was precluded due to the saturation shape of the curve only in a narrow pH range.  
Nevertheless, there is a significant change in the values of the conditional stability 
constant (K*) with pH (Figure 25). This change can be attributed to the dissociation 
of the proton from the monoprotonated phosphonate  group because increasing the 
negative charge also increases the stability of the out-of-cage complex. The 
conditional stability constant values of the Cu(II)-H4cb-TE2bpin  system, in turn, 
were calculated individually for each pH value (Figure 25). It was found that their 
change with pH is not significant as the coordinated bis(phosphina te) groups do 
57 
 
not undergo any protonation/deprotonation  in the studied pH range. Thus, since 
the change of logK* values is less than the one logarithmic unit, it is most likely 
associated with deprotonation of the macrocycle.  The complex shows the highest 
K* values among the studied bridged complexes due to the bidentate coordination 
of each bis(phosphinate) moiety.  
 
 
Figure 25: Comparison of the out-of-cage complex conditional stability constants K* (B) as a 
function of pH for Cu(II)-H4cb-TE2P (blue) and Cu(II)-H4cb-TE2bpin (green) at 25 °C. 
 
The ligands H4cb-TE2P (at pH < 5.5) and H2cb-TE2PH (at the entire 
measured pH range) show a linear shape of the fkobs as a function of Cu(II) 
concentration (Figure 24). This indicates low stability of out-of-cage intermediates 
and thus low K* values. The reason is the weak monodentate coordination of the 
phosphine group and therefore the conditional stability constants c ould not be 
determined. Based on the obtained data and their analysis, a reaction Scheme 6 
was suggested for these systems.  
 
 
Scheme 6: Formal reaction scheme for the formation of the in-cage Cu(II) complexes. Charges 




The formation kinetics of the non-bridged H5TE1PBP derivative was studied 
for metal and ligand excess. The bis(phosphonate) pendant arm is a strongly 
complexing group, and for bis(phosphonate) ligands, the formation of di fferent 
types of out-of-cage complexes ("oc") is possible depending on the excess of metal 
and ligand.184,185 In addition to the [M(L)]oc out-of-cage complex, which is 
quantitatively formed in the entire studied pH range, the formation of dinuclear 
complexes [M2(L)]
oc and complexes with two coordinated ligands [M(L)2]
oc is also 
possible. The rate constants ( fkobs) determined with an excess of metal ion 
significantly differ from the rate constants determined with an excess of ligand. 
This finding confirms the presence of out-of-cage species with different 
stoichiometry (Figure 26). Also for this ligand, the rate constants for each pH were 
determined and subsequently plotted. In both cases (metal ion excess and ligand 
excess), the curves have a saturation shape in the whole studied pH range similar 
to the H4cb-TE2bpin ligand. The change of the conditional stability constants with 
pH for [M2(L)]
oc and [M(L)2]
oc is negligible and their values show that the 
coordination of the second ligand molecule is stronger than the coordination of the 
second metal ion.  
 
 
Scheme 7: Expected pathways of the out-of-cage ("oc") into the in-cage ("ic") complex 
transformations in the Cu(II)-H5TE1PBP system. 
 
Since the rate-determining step is the deprotonation of the macrocycle and 
the transfer of the metal ion into the cavity, the rate constants usually show 
considerable changes with pH. This phenomenon was observed for formation rates 




fkM2L) which were plotted as a function of pH (Appendix 4).  The 
nonlinear shape of their curves suggests that each out-of-cage complex is present 
in two different protonated forms. Then the overall mechanism can be described 
by Scheme 7. 
Thus, the analyzed data show that the least reactive intermediate in the 
studied Cu(II)-H5TE1PBP system is [M(L)]
oc. Its conversion to the in-cage 
complex is ~4-times slower than the conversion of the [M(L)2]
oc intermediate. The 
explanation is the assumption that the second ligand molecule in the [M(L)2]
oc 
intermediate helps to deprotonate the macrocycle. In the case of the [M2(L)]
oc 
intermediate, the conversion is up to 3 orders of magnitude faster compared to 
[M(L)]oc intermediate. This is presumably due to the weaker binding of the second 
metal ion in the intermediate which allows its easier transfer from the 
bis(phosphonate) group to the macrocyclic cavity.  
 
Table 5: Comparison of calculated 99% complexation times of H4cb-TE2P, H4cb-TE2bpin, 
H2cb-TE2PH and H5TE1PBP and their related ligands (10-times Cu(II) ion excess, 25 °C). 
     
   pH 4 pH 6 
 
 H4cb-TE2P 4.7 h 1.6 s  
 H4cb-TE2Pbpin 14 s 0.2 s  
 H4cb-TE2PH 14.7 h 14.5 min  
 H5TE1PBP 24 s 0.1 s  
 H2TE1bpin
a 196 8.4 s 0.1 s  
 H4TE2P1,8 
125 64.5 s 0.2 s  
     
 a Formation of the first in-cage Cu(II) complex. 
 
 
The complexity of the Cu(II)-H5TE1PBP system makes it difficult to 
compare with other ligands. The only direct comparison is possible in terms of the 
time required for 99% complexation of the studied cyclam derivatives (Table 5). 
The slowest complexation of Cu(II) ions was found for the bridged phosphinate 
ligand which is in the range of hours at pH 4 and the range of minutes at pH 6. The 
rate of complex formation for the H4cb-TE2P derivative is also slow at pH 4 
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(4.7 h). However, the rate of complexation increases rapidly with increasing 
pH, and at pH 6, the copper cation is coordinated within a few seconds. The best 
results achieved H4cb-TE2Pbpin and H5TE1PBP ligands. Their rates of complex 
formation are already in the range of seconds at pH 4 and the quantitative formation 
occurs within 1 s at pH 6. These ligands are also the most similar to the formation 
rates of the non-bridged ligands H2TE1bpin and H4TE2P1,8 and this similarity is 
evident throughout the whole studied pH range (Appendi ces 3 and 4). 
    
 
Figure 26: Observed formation rate constants (I = 0.1 M KCl, 25 °C) as function of ligand 
concentration (left, cM = 0.05 mM) or Cu(II) concentration (right, cL = 0.05 mM). The lines 
represent the best fits according to Equations 1, S1 and S2 (Appendix 4). 
 
5.1.4   Dissociation kinetics 
The dissociation kinetics of copper complexes were studied by UV -Vis 
spectroscopy using acid-assisted dissociation experiments. The equations used for 
experimental data fitting are given in Appendices 3 and 4. All studied complexes 
are characterized by high kinetic inertness. The dissociation profiles of bridged 
derivatives differ from each other. For the Cu(II)-H4TE2P system, the curve has a 
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saturation character indicating protonation in the studied pH range. Mono and 
diprotonated species are thermodynamically stable and therefore this protonation 
is most likely associated with the formation of triprotonated species. In the 
Cu(II)-H4TE2bpin, the dissociation scheme is similar because the terminal 
phosphinate group in bis(phosphinate) can be protonated without compromising 
the stability of the coordination cage. Thus, the observed protonation also 
corresponds to the formation of a triprotonated complex, which is the dominant 
species in the dissociation pathway. The dissociation profile of this system has a 
linear shape indicating a very low value of the third protonation constant of the 
complex. In the case of the phosphinate Cu(II)-H2TE2PH complex, the dissociation 
profile has a parabolic shape. Two protonations are required to form a rea ctive 
species and logaritm of the corresponding protonation constants reach negative 
values. Because the deprotonated complex is thermodynamically stable, the 
kinetically active species should be diprotonated. As well as for the 
Cu(II)-H4cb-TE2P system, the non-bridged copper complex Cu(II)-H5TE1PBP has 
a saturation shape of dissociation profile. This indicates the presence of the 
complex in two forms differing in the protonation state. Since the 
[Cu(H3TE1PBP)]
+ species is thermodynamically stable, the protonation 
corresponds to the formation of [Cu(H4TE1PBP)]
2+ species. Data treating showed 
that [Cu(H4TE1PBP)]
2+ is the only kinetically active species. Graphs of the 
dissociation rate constant (dkobs) as a function of acid concentration are shown in 
Appendices 3 and 4. 
The complexes are compared based on dissociation half-lifes (t1/2) due to 
different dissociation mechanisms (Table 6). Under conditions of 1 M HClO4 and 
90 °C, the copper complexes of the bridged ligands H 4cb-TE2P and H2cb-TE2PH 
show extreme kinetic inertness with half-lifes of 120 h and 111 h, respectively. 
However, for phosphinate, the dissociation half -life shortens sharply with 
increasing acid concentration. This is described by a different protonation scheme 
of the complex. The half-life of the bis(phosphinate) complex (10.7 h) is one order 
of magnitude shorter than the half -life of Cu(II)-H4cb-TE2P and is similar to the 
half-life of the hexacoordinated copper complex of H4TE2P1,8 ligand (13.4 h).
125 
This, in turn, is explained by the strong chelating ability of the bis(phosphinate) 
group even in a very acidic environment. The half -life of the 
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phosphinate-bis(phosphonate) complex is the shortest between the studied ligands 
and is at the range of minutes. Since the bridged ligands are more kinetically 
inert,66,67 this result is not surprising for the non-bridged derivative. The half-life 
of 1.4 minutes corresponds to the half -lives reported for the related 
pentacoordinated Cu(II)-H4TE2P1,8 complex (49 s)
125 or Cu(II)-H2TE1bpin  
complex (40 s).196 The result suggests only a negligible role of the 
bis(phosphonate) group in the dissociation process. Despite the significant 
difference in inertness, this ligand is also suitable for in vivo usage. 
 
Table 6: Dissociation half-lifes of the discussed Cu(II) complexes (90 °C; a,b recalculated from 
original data). 
 
  t1/2 
 H4cb-TE2P 120 h 
 H4cb-TE2Pbpin 10.7 h 
 H4cb-TE2PH 111 h 
 H5TE1PBP 1.4 min 
 H2TE1bpin
a 196 40 s 
 H4TE2P1,8
a 125 49 s 
 H4TE2P1,8
b 125 13.4 h 
   
 a Pentacoordinated isomer. 
 b Hexacoordinated trans isomer. 
 
5.1.5   Radiochemical labelling experiments 
The radiolabeling of H5TE1PBP was fast and effective with specific activity 
around 30 Bq/µmol at pH 5.5 and ambient temperature. The results of sorption 
efficiency are comparable to results of experiments performed with 
non-radioactive copper on hydroxyapatite at physiological pH (Appendix 4). The 
small animal PET of mice points to bone-selective accumulation of radiotracer 
(Figure 27). The plateau is reached after 30‒60 minutes and the high 
target-to-background ratio is preserved for at least 24 hours. 
[64Cu]Cu(II)-H5TE1PBP showed rapid blood clearance and elimination via the 
renal pathway within 30 minutes. Importantly, the mice showed no apparent 
accumulation of [64Cu]Cu(II)-H5TE1PBP in liver which indicates the high chelator 
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stability in vivo. The observed results indicate that [64Cu]Cu(II)-H5TE1PBP 
preferentially accumulates in skeletal regions with elevated metabolic turnover 
similarly as it has been reported for other radiolabeled bisphosphonates. 210,211  
 
 
Figure 27: Dynamic PET imaging of [64Cu]Cu(II)-H5TE1PBP in mice: the tracer shows rapid 
renal excretion and efficient skeletal uptake (A), plateaus between 30 and 60 min after injection 
and remains stable for 24 h (B). Description: (bohigh) skeletal regions with the highest bone 
uptake; (bolow) skeletal regions with the lowest bone uptake; (ht) heart; (ki) kidney; (bl) bladder; 
(SUV) standardized uptake value; (RT) radiotracer; (L) left; (R) right. 
 
The small animal PET of rats showed the similar uptake pattern as was 
observed for mice (Figure 28). Skeletal region selectivity of [64Cu]Cu(II)-TE1PBP 
in rats is consistent with [18F]fluoride, which is thought to preferentially bind to 
bone mineral deposited by osteoblasts .212,213 Thus, the selectivity of 
[64Cu]Cu(II)-TE1PBP for skeletal regions of increased bone remodeling may 
underlie similar physiological mechanisms.  Furthermore, [64Cu]Cu(II)-H5TE1PBP 
showed higher uptake in critical bone defect regions of the right femur compared 
to the healthy reference regions in the left femur, which support its usefulness as 







Figure 28: Comparison between [64Cu]Cu(II)-H5TE1PBP (A) and [
18F]fluoride (B) in the same 
rats; static PET imaging of a critical bone defect in rats 1 h after injection (A, B) and bone 
uptake (C); description: (bodef) critical bone defect in the right femur; (boref) healthy bone 
reference region in the left femur; (bohigh) skeletal regions with the highest bone uptake; (bl) 




5.2   Conclusions 
The presented cross-bridged cyclam derivatives with 
phosphonate, bis(phosphine) and phosphine pendants and the non-bridged cyclam 
derivative with phosphinate-bis(phosphonate) pendant arm have been 
designed, synthesized and studied as potential carriers of copper radioisotopes in 
nuclear medicine. All ligands are characterized by high macrocy cle basicity. The 
thermodynamic stability of copper complexes is high and sufficient for biomedical 
applications. However, the bridged ligands show lower stability of Cu(II) 
complexes compared to the non-bridged phosphinate-bis(phosphonate) derivative.  
The non-bridged ligand is also characterized by significant selectivity for Cu(II) 
over Ni(II) and Zn(II) ions. The kinetic inertness of the complexes is very high 
and the dissociation half-lives of the bridged complexes are in the range of hours 
at 1 M HClO4 and 90 °C. Complex formation is fast.  The H4TE2bpin and 
H5TE1PBP complexes form almost immediately in a millimolar scale at pH ~6. The 
worst result was achieved for the H2TE2PH derivative. Its rate of complexation is 
in the range of minutes at the same pH.  This is due to the significantly lower 
stability of the out-of-cage complex and/or the less efficient proton transfer from 
the ligand cavity. The bis(phosphonate) group of the  non-bridged ligand is not 
coordinated to the Cu(II) ion bound in the macrocycle, therefore its properties are 
unchanged and it can bind to other metal ions in solution. This is important for 
complex speciation in body fluids and final biodistribution.  The bis(phosphonate) 
group is also capable of efficient absorption on HAP as well as bone tissue. 
Thus, the excellent properties of H4TE2P, H4TE2bpin and H5TE1PBP ligands 
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Abstract 
Ligands combining a bis(phosphonate) group with a macrocycle are studied as metal isotope 
carriers for radionuclide-based imaging and for treating bone metastases associated with several 
cancers. However, bis(phosphonate) pendant arms often slow down complex formation and 
decrease radiochemical yields. Nevertheless, their negative effect on complexation rates could 
be mitigated by using a suitable spacer between bis(phosphonate) and the macrocycle. To 
demonstrate the potential of bis(phosphonate) bearing macrocyclic ligands as carriers of copper 
radioisotopes, we report the synthesis of a new cyclam derivative bearing a phosphinate-
bis(phosphonate) pendant (H5te1P
BP). The ligand showed a high selectivity to CuII over ZnII 
and NiII ions, and the bis(phosphonate) group was not coordinated in the CuII complex, strongly 
interacting with other metal ions in solution. The CuII complex formed quickly, in 1 s, at pH 5 
and at a millimolar scale. The complexation rates significantly differed under a ligand or metal 
ion excess due to the formation of reaction intermediates differing in metal-to-ligand ratio and 
protonation state, respectively. The CuII-te1PBP complex also showed a high resistance to acid-
assisted hydrolysis (t1/2 4.2 min; 1 M HClO4, 70 °C) and was effectively adsorbed on the 
hydroxyapatite surface. H5te1P
BP radiolabeling with [64Cu]CuCl2 was fast and efficient, with 
specific activities of approximately 30 GBq 64Cu per 1 μmol of ligand (pH 5.5, room 
temperature, 30 min). In a pilot experiment, we further demonstrated the excellent suitability 
of [64Cu]CuII-te1PBP for imaging active bone compartments by dedicated small animal PET/CT 
in healthy mice and subsequently in a rat femoral defect model, in direct comparison with 
[18F]fluoride. Moreover, [64Cu]CuII-te1PBP showed higher uptake in critical bone defect 
regions. Therefore, our study shows the high potential of [64Cu]CuII-te1PBP as a PET radiotracer 
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for evaluating bone healing in preclinical and clinical settings with a diagnostic value similar 
to that of [18F]fluoride, albeit with a longer half-life (12.7 h) than 18F (1.8 h), thereby enabling 
extended observation times. 
Introduction 
Bone is a common target for imaging and therapy in oncology because bone metastases are 
frequently associated with prostate and breast cancers. For this reason, tracers or drugs are often 
applied in combination with imaging, treatment and palliation of bone metastases, but bone 
imaging also helps to diagnose other disorders, such as osteoarthritis, osteomyelitis or 
microfractures. Radiomedical imaging techniques – positron emission tomography (PET) and 
single-photon emission computed tomography (SPECT) – play a key role in the diagnosis of 
bone disorders. [18F]fluoride and [99mTc]Tc-methylene diphosphonate ([99mTc]Tc-MDP) stand 
out as the most commonly used imaging agents (in PET and SPECT, respectively). Yet, in 
recent years, research efforts have focused on other radioisotopes and radiotracers to improve 
image quality and to collect more specific information. In addition, other radioisotopes are used 
as therapeutic or palliative agents.1-2 
Among such radiotracers, the most relevant are those based on metallic radioisotopes. 
Metallic radioisotopes must be administered as thermodynamically stable and kinetically inert 
complexes to avoid non-specific deposition of metal ions in tissues. Another crucial parameter 
of the complexes used in radiomedicine is their formation rate. Fast formation is necessary to 
shorten the time required for radiotracer synthesis and to maintain tracer specific activity as 
high as possible. Among the metallic radioisotopes, the most common carriers are 
polyazamacrocyclic ligands bearing coordinating pendant arms, mostly derivatives of 1,4,7-




Nuclear medicine is primarily aimed at imaging bone disorders, such as arthritis or tumors, 
and at palliative treatments of bone metastases. For bone imaging and therapy, ligands are often 
decorated with the pendant arms bearing the bis(phosphonate) group. The bis(phosphonate) 
group shows a high affinity to hydroxyapatite, which is the major inorganic component of bone 
tissue and has been used in several conjugates for bone disease targeting.1-5 In our laboratory, 
we have previously synthesized and studied tacn and cyclen derivatives bearing 
bis(phosphonate) pendant arms (Chart 1).6-11 The attached bis(phosphonate) groups provide a 
very good bone uptake, and several ligands combining macrocycle and bis(phosphonate) have 
been successfully tested as bone targeting radioisotope carriers.1,12,13 Some of these radiotracer 
have also been successfully applied in patients for both imaging and therapy.14-16 However, 
complexation and radiolabeling studies performed with gallium(III) or lanthanide(III) ions have 
shown that the bis(phosphonate) pendant arms often slow down complex formation and 
decrease radiochemical yields. The complexation rate decreases even more among ligands 
bearing more than one bis(phosphonate) group.10,11,17,18 Nevertheless, the negative effect of 
bis(phosphonate) group on the complexation rate could be partly compensated for by using a 
suitable spacer between bis(phosphonate) and the macrocycle, as shown in macrocycles bearing 
a phosphinate-bis(phosphonate) pendant arm.17 
In this context, copper radioisotopes are increasingly garnering research interest because 
copper is considered a promising theranostic element, i.e., an element with both therapeutic and 
diagnostic radioisotopes.19-21 The nuclides 61Cu (β+ (61.4 %), EC (38.6 %); t1/2 3.3 h) and 
64Cu 
(β+ (18 %), EC (44 %), β¯ (38 %), γ (0.5 %); t1/2 12.8 h) are promising imaging radioisotopes 
for PET, whereas the nuclides 64Cu and 67Cu (100% –; t1/2 62 h) are studied as 
radiotherapeutics. As such, copper isotopes are promising single-element theranostics. 
However, these bone-targeting chelators are mostly based on tacn or cyclen cores, which are 
unsuitable carriers of CuII ions.22 The first-choice ligands are cyclam derivatives for their high 
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thermodynamic selectivity to CuII ions and for the high kinetic inertness of their Cu(II) 
complexes.23 
 Considering the above, we present a new cyclam chelator bearing one phosphinato-
bis(phosphonate) pendant arm, H5te1P
BP (Chart 1). In this contribution, we report and discuss 
its synthesis, the acid-base properties and thermodynamic stabilities of its complexes, and the 
formation and dissociation kinetics of its CuII complex regarding potential applications in 
nuclear medicine. Moreover, we assess the in vitro and in vivo behavior of the [64Cu]Cu-
H5te1P
BP tracer. Ultimately, our study highlights the properties of H5te1P
BP as a quickly 
synthesized bone-targeting carrier of copper radioisotopes suitable for long observation times. 
 
Chart 1. Discussed bis(phosphonate)-bearing macrocyclic ligands 
Results and Discussion 
Ligand synthesis 
The key reaction in the synthesis of H5te1P
BP is the fusion of triprotected cyclam (1)24 with 
the bis(phosphonate)-phosphinate pendant arm (2)8 via Kabachnik-Fields (also known as 
phospha-Mannich) reaction. Using pyridine as a novel solvent in the reaction, together with two 
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equivalents of a strong acid (HBr) as a catalyst led to an almost quantitative conversion under 
mild conditions and enabled us to isolate the protected intermediate (3) in a high yield (79%). 
Subsequent simultaneous removal of protecting groups under acidic conditions (6 M aq. HCl) 
yielded the target ligand. The zwitter-ionic form of H5te1P
BP was obtained after ion-exchange 
treatment in 74% yield. The solubility of the zwitterionic form in water is low, thus requiring 





Protonation and stability constants 
We determined six protonation constants of H5te1P
BP (Tables 1 and S1). As expected,25 the 
first two protonation constants of cyclam derivatives were very high, laying outside the pH 
range accessible by potentiometric titrations and thus requiring using NMR for their 
determination. The 31P NMR signal of the phosphinate group was quite sensitive to protonation 
of the neighboring amino groups. For this reason, its chemical shift as function of pH was used 
to determine the corresponding constant (Figure S1). However, the two protonation constants 
were close to each other (or have the reverse order)26 and, thus, could not be distinguished 
without using the chemical model involving simultaneous diprotonation for data fitting. The 
overall protonation constant log2 was even higher than those reported for related cyclam-based 
phosphonate/phosphinate ligands (Table 1). This difference may be explained by the high 
negative charge of the fully deprotonated pendant arm in (H2te1P
BP)3– anion. In turn, the 
protonation constants K3–K6 were determined by potentiometry. The constants K3 and pK4 
should correspond to protonations of the bis(phosphonate) group. They were somewhat higher 
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than the range typical of protonations of the bis(phosphonate) group (logK1 = 10.3–11.1, logK2 
= 5.8–7.1),27 most likely due to the neighboring doubly protonated macrocycle. The other ligand 
protonation constants, K5 and K6, can be attributed to the third protonation of macrocycle and/ 
or to another protonation of the bis(phosphonato)-phosphinate pendant arm. 
Indirect evidence of the protonation scheme suggested above is found in the solid-state 
structure of the ligand zwitterionic form H5te1p
BP (Figure 1). One phosphonate group is 
disordered into two positions sharing carbon and phosphorus atoms and differing in the 
positions of the oxygen atoms and in their protonation, resulting in two forms differing in their 
hydrogen bond system. Three protons are bound to secondary macrocyclic nitrogen atoms. Such 
a protonation is rather uncommon in cyclam derivatives and leads to the unusual Dale’s 
(3,3,4,4) ring conformation.28 The protonated amine nitrogen atom N4 forms a short 
intramolecular hydrogen bond to the phosphinate oxygen atom (N4–H···O11, dD···A = 2.720 
Å), and each phosphonate group is monoprotonated. In one form, the disordered phosphonate 
group forms an intramolecular hydrogen bond to the phosphinate oxygen atom (O31–H···O11, 
dD···A = 2.506 Å). In contrast, the second form shows an intramolecular hydrogen bond (O34–
H···O21, dD···A = 2.867 Å) to the other phosphonate group. These differences highlight the 
involvement of all groups of the ligand molecule in hydrogen bonding, which is important for 
describing not only the ligand protonation scheme but also proton transfer from the macrocycle 





Figure 1. Molecular structure of H5te1P
BP in the crystal structure of H5te1P
BP·6H2O. The 
structures highlight the different positions of the disordered bis(phosphonate) group and related 
hydrogen bonds. Hydrogen bonds are shown as dashed lines. 
Stability constants and protonation constants of H5te1P
BP complexes with CuII, NiII and ZnII 
ions were determined by combining in-cell with out-of-cell potentiometry. Out-of-cell 
potentiometry was used in the acidic region (pH ~ 2 to 5) due to slow complex formation. In-
cell potentiometry was performed from the slightly acidic to the strongly alkaline range on pre-
formed in-cage complexes to determine their protonation constants. In addition, by UV-VIS 
out-of-cell titration, we evaluated the CuII-H5te1P
BP system in the strongly acidic region (Figure 
S2) as the complex is fully formed at pH 1.6, i.e., at the starting point of potentiometric 
titrations. The results from the simultaneous treatment of all data are summarized in Tables 1 
and S2. As reported in the literature, complexes of cyclam derivatives can exist in several 
isomeric forms differing in the conformation of the macrocycle chelate rings and, therefore, in 
the mutual orientation of substituents on the ring nitrogen atoms.28,29 The maximum of the 
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absorption band at 580 nm indicates that the resulting species formed in this reaction is 
pentacoordinated I-isomer.30,31 
The CuII-te1PBP complex is highly stable. and the ligand is highly selective to CuII over NiII 
or ZnII ions, as usual for cyclam-based ligands. The stability of the CuII complex is the highest 
among related ligands (Table 2) because this complex has the highest macrocycle basicity. The 
values of the stability constants also confirm that the metal ions are bound in the macrocyclic 
cavity (Table 1).30,31 The protonation constants of the complexes (e.g., logK1 12.69, logK2 7.44 
and logK3 3.46 for Cu
II-te1PBP; Table S3) are typical of the bis(phosphonate) group27 and 
indicate that the bis(phosphonate) moiety is not coordinated to the metal ion bound in the cavity 
of the macrocycle. The selected distribution diagrams (Figure 2A,B) show that the CuII complex 
is fully formed at pH 1.5, whereas the ZnII complex requires pH ~ 5. Both complexes are present 
as a mixture of mono and diprotonated species in the neutral region. 
 
Table 1. Comparison of protonation constants of the ligands (Charts 1 and 2) and stability 
constants of their complexes (I = 0.1M NMe4Cl, 25 °C); the full set of constants is given in 












logK2 11.76 10.75 11.68 
logK3 11.83 6.05 6.78 2.94 7.12 
logK4 7.32 2.42 5.36 1.61 3.17 
logK5 3.29 
2×”1.08” d,e 
1.15 – 1.84 
logK6 2.07 – – – 
logKCuL 29.11 27.34 25.40 25.83 27.66 
logKZnL 20.74 21.03 20.35 18.12 19.84 
logKNiL 25.92 – 21.99 21.94 24.01 
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aRef. 32, I = 0.1 M KNO3; 
bRefs. 26,30,33, I = 0.1 M KNO3; 
cRef. 31; dProtonation over two 
steps; eDetermined by 31P NMR titration 
 
 
Chart 2. Related cyclam-based ligands 
The free bis(phosphonate) group interacted with other metal ions present in solution. This 
interaction is important for complex speciation in body fluids. The macrocyclic CuII complex 
also enables us to investigate its ternary complexes (in which CuII ion is bound inside the 
macrocyclic cavity) as any transmetallation can be ruled out due to its high thermodynamic 
stability and selectivity, as well as kinetic inertness (see below). Thus, we studied ternary 
complexes of the CuII-te1PBP with CuII, ZnII, CaII and MgII ions.  
After our statistical treatment of the experimental data, were generated rich chemical models 
with 1:1, 1:2 and 2:1 (CuII-te1PBP-to-MII ratio) species (Tables 2, S4 and S5) and found various 
protonated and hydroxido species. As in other simple bis(phosphonates), the {M[Cu(L)]} 
species, in which one bis(phosphonate) binds one metal ion, shows a high stability, whereas 
coordination of the second bis(phosphonate) molecule or metal ion in {M[Cu(L)]2} and 
{M2[Cu(L)]} species, respectively, is significantly weaker (Tables 2, S4 and S5).  
The complexes are bound to bones in vivo. However, speciation is crucial for their 
pharmacokinetics. The in-cage CuII-te1PBP complex should circulate in body fluids in the form 
of CaII and MgII ternary complexes given the high concentration of the CaII and MgII ions. 
However, the significant abundance of the ternary complex with ZnII may be also expected in 
regions with a high ZnII concentration. Conversely, other biogenic metal ions – CuII and FeIII – 
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are not present in body fluids in the free form and, thus, their ternary complexes cannot be 
formed. By comparison with previously published results, the in-cage CuII-cyclam complex 
does not significantly alter the coordination properties of the bis(phosphonate) group and, thus, 
the speciation of the CuII-te1PBP complex in body fluids is likely similar to that of “simple” 
bis(phosphonates).26 The example of the distribution diagram of the ternary CuII-te1pBP – CaII 
system (Figure 2C) shows the significant abundance of ternary species, even at a 1:1 Ca-to-
{CuII-te1PBP} ratio. Ternary species with CaII are predominantly monoprotonated at 
physiological pH. 
 
Table 2. Consecutive stability constants, log, of equilibria in the in-cage CuII-te1pBP systems 
with divalent metal ions (I = 0.1 M NMe4Cl, 25 °C); the full set of overall stability constants 
and protonation constants of the ternary complexes is given in Tables S4 and S5, respectively. 
Equilibriuma CuII ZnII CaII MgII 
M + [Cu(L)] → {M[Cu(L)]} 15.19 13.56 7.15 7.89 
M + {M[Cu(L)]} → {M2[Cu(L)]} 5.39 4.98 4.67 4.04 
[Cu(L)] + {M[Cu(L)]}→ {M[Cu(L)]2} 8.31 7.43 4.33 – 







Figure 2. Distribution diagrams of CuII-te1PBP (A, absorbance at 580 nm is shown as black dots) 
and ZnII-te1PBP (B) binary systems (cM = cL = 4 mM) and of the {Cu
II-te1PBP}–CaII ternary 
system (C; cCuL = cCa = 4 mM, only 1:1 species are shown for clarity); I = 0.1 M (NMe4)Cl, 25 
°C 
 
CuII complex formation kinetics 
Radioisotope activity decreases over time. For this reason, the complexation rate is one of the 
key parameters in developing metal-based radiopharmaceuticals. CuII-te1pBP complexation 
kinetics was hence studied by UV-VIS spectroscopy. 
Macrocyclic complexes with coordinating pendant arms are generally formed in two steps. 
An out-of-cage complex (indicated in the formulas below with superscript “oc”) is immediately 
formed in the first equilibrium step. In this complex, donor atoms of the pendant arms are 
coordinated to the metal ion, two macrocyclic amines are protonated, and the protons 
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consequently block the macrocyclic cavity. In the next (rate-determining) step, nitrogen atoms 
of the macrocycle are deprotonated, and the metal ion is simultaneously transferred to the 
macrocyclic cavity, forming the final in-cage complex (indicated in the formulas below with 
superscript “ic”). 
Bis(phosphonate) is a strongly complexing pendant group. Concurrently, H4te1P
BP behaves 
similarly to other ligands bearing bis(phosphonate) or to other strongly complexing side groups 
in the pendant arm(s). Recently, we have shown that these ligands form different types of the 
out-of-cage complexes under ligand vs. metal ion excesses.17,34 CuII complexes with the 
bis(phosphonates) are quantitatively formed at pH > 3.5 in milimolar concentrations, even at 
equimolar amounts.26 Accordingly, the 1:1 out-of-cage complex [M(L)]oc was quantitatively 
formed over the entire pH range (3.5–5.5), and the in-cage complex was formed in an 
isomerisation process with first-order kinetics (Figure S3). 
In addition, bis(phosphonates) formed both dinuclear complexes [M2(L)]
oc and complexes 
with two coordinated ligands [M(L)2]
oc under a metal and ligand excess, respectively (see also 
Table 2).26 The reaction rates under the metal ion excess significantly differed from the rates 
under a ligand excess (Figure 3), thus confirming the presence of out-of-cage species with 
different stoichiometries, as mentioned above. The overall system is described in Scheme 1, 
and the complexation rate can be expressed as a sum of contributions of all out-of-cage 
intermediates to the overall transformation into the in-cage complex (Equation 1, where 






















where fk2 is a second-order rate constant of the bimolecular reaction, [L]tot and [M]tot are the 
overall concentrations of the ligand and metal ion, respectively, and fkML, 
fkML2 and 
fkM2L are 
the formation rates constants for the transformation of the corresponding out-of-cage 
complexes. Equation 1 was combined with equations for the conditional stability constants of 
the out-of-cage species, KM2L and KML2, and with metal and ligand mass balance equations 
(Equations S1–S4). The data were treated to meet the minimization criterion for the overall fit 
(for a detailed description of the equations, see SI). The observed reaction rates as a function of 
metal and ligand concentrations were treated separately for each pH (Figure 3). The rate 
constants (fkML, 
fkML2 and 




Scheme 1. Simplified mechanism of complexation in the CuII-H5te1P
BP system, which does not 
explicitly show different protonation of ligands in the out-of-cage complexes; charges are 










Figure 3. Observed formation rate constants (I = 0.1 M KCl, 25 °C) as a function of ligand (left, 
cM = 0.05 mM) or Cu
II (right, cL = 0.05 mM) concentrations; the lines represent the best fits 
using Equations 1, S1 and S2 and the parameters given in Table S6. 
The conditional stability constants KML2 and KM2L show negligible changes with the pH (see 
Table S6). The coordination of the second ligand molecule is stronger than that of the second 
metal ion, in line with the potentiometry results of CuII ion binding to the free bis(phosphonate) 
group of the pre-formed in-cage complex (see above, Table 2). 
The rate-determining step in the complexation by macrocyclic ligands is deprotonation of the 
macrocyclic amines followed by metal ion transfer to the macrocyclic cavity. Therefore, 
formation rate constants usually show significant changes with pH. Such a phenomenon was 
also identified in the constants fkML, 
fkML2 and 
fkM2L (Figure S4 and Table S6). Their non-linear 
shape as function of pH (Figure S4) is similar to the trend previously reported for the 
complexation of EuIII ions with the analogous dota-like ligand H8do3aP
BP (Chart 1), showing 
that each out-of-cage complex, [M(L)], [M2(L)] and [M(L)2], is present in two differently 
protonated forms. Thus, each constant, fkML, 
fkML2 and 
fkM2L, is expressed by Equation 2 
 
where OHkMxLy and 
OHkMxHLy are the rate constants of the specific OH
–-dependent reaction 
pathways involving two differently protonated species, and HKMxLy are the corresponding 
dissociation constants (for a detailed description of the equations, see SI). The suggested overall 





Scheme 2. Expected pathways of the out-of-cage-into-in-cage complex transformations in the 
CuII-H5te1P
BP system; the overall complexation rate is described by Equation 2.  
The results from fitting the constants fkML, 
fkML2 and 
fkM2L to Equation 2 are summarized in 
Table 3 and Figure S4. Because the system is highly complicated and cannot be fully evaluated, 
we can only speculate about the mechanism. Two key factors nevertheless affect the overall 
out-of-cage-to-in-cage conversion rate – the strength of the CuII-bis(phosphonate) interaction 
and the efficiency of proton removal from the macrocyclic nitrogen atoms. 
The dissociation constants pKa of the out-of-cage complexes lie in the 3.5–4.5 range (Table 
3), which is typical of the protonation of coordinated phosphonates in their complexes.27 The 
comparison of the pKa with protonation constants determined by potentiometry indicates that 
the constants likely correspond to the following equilibria (charges are omitted): 
[Cu(H3L)]↔[Cu(H4L)], [Cu(H3L)2]↔[Cu(H3L)(H4L)] and [Cu2(H2L)]↔[Cu2(H3L)] (in the 
last equilibrium, the ligand protonation state is lower because the chelation of two metal ions 
efficiently repels proton(s) from the bis(phosphonate moiety)). In the species, each ligand 
molecule is diprotonated on the macrocyclic nitrogen atoms, and the remaining protons are 
bound to the bis(phosphonate) groups. 
The [ML]oc intermediate shows the slowest conversion into the in-cage complex. Other two 
intermediates are more reactive. [ML2]
oc conversion is ~3–4-times faster than [ML]oc 
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conversion because the neighboring second ligand molecule facilitates proton transfer from the 
macrocycle cage to the bulk solution. This acceleration is even stronger in [M2L]
oc 
intermediates, whose re-arrangement is two orders of magnitude faster than that of [ML]oc, most 
likely due to the weaker binding of the second CuII ion in the intermediate. As a result, in this 
intermediate, the metal ion is more easily transferred from the bis(phosphonate) group to the 
macrocyclic cavity. 
The rate constants of the more protonated forms of the intermediates, OHkMxHLy, are one order 
of magnitude higher than those of the deprotonated forms, OHkMxLy. This difference should also 
be related to the strength of CuII binding to the bis(phosphonate) group, which is weaker in the 
protonated intermediate and thus enables its transfer to the macrocycle cage. However, 
bis(phosphonates) are known to easily form coordination polymers both in the solid-state and 
in solution.35,36 Therefore, the actual system is surely more complicated and our interpretation 
inherently entails simplification. 
 
Table 3. Kinetic and thermodynamic parameters of CuII-H5te1P
BP complex formation according 
to Scheme 2 and Equation 2 
Second-order rate 
constant OHkMxLy [s
–1 M–1] OHkMxHLy [s
–1] KMxLy [M] (pKa) 
fkML (1.2±0.2)·10
8 (1±2)·109 (2±5)·10–4 (3.7) 
fkM2L (1.8±0.4)·10
10 (1.3±0.3)·1011 (3±1)·10–5 (4.5) 
fkML2 (3±1)·10
8 (7.3±0.3)·109 (7±4)·10–5 (4.2) 
 
Due to its complexity, the CuII-H5te1P
BP system was directly compared with other ligands 
only in the terms of overall reaction times. Figure 4 and Table S7 show the times required for 
99% complexation at a 10-fold metal ion excess for cyclam-based ligands with phosphonate 
and phosphinate pendant arms. CuII complexation with H5te1P
BP under a metal ion excess is 
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the fastest among cyclam phosphonate/ phosphinate derivatives, presumably thanks to the 
appropriate stability of the out-of-cage reaction intermediate. This stability is sufficient to reach 
a quantitative formation of the out-of-cage species. Conversely, the stability of the out-of-cage 
species is not high enough to block the metal ion transfer from the bis(phosphonate) group to 
the macrocyclic cavity. Another reason for such a fast complexation could be the efficient 
proton transfer from the macrocycle nitrogen atoms to bulk water. This proton transfer may be 
assisted by the phosphinato-bis(phosphonate) pendant arm, which can easily form hydrogen 
bonds (the solid-state structure of the ligand zwitterion is shown above). 
 
Figure 4. Comparison between the 99% complexation times (cL = 0.05 mM, cCu = 0.5 mM, 25 
°C) of H5te1P
BP (violet dots), H4cb-te2P (blue, ref. 37), H4cb-te2P
PIN (red, ref. 37), H2te1P
PIN 
(brown, ref. 31; corresponding to the initially formed in-cage complex) and H4te2P (green, ref. 
30). 
Cu(II) complex dissociation kinetics 
For radiomedicinal applications, complexes should have high kinetic inertness to avoid their 
dissociation and non-specific deposition of metal ions in tissues. As mentioned above, the 
pentacoordinated isomer of CuII-te1PBP is formed during complexation under mild conditions. 
This isomer should also be the species formed during radiolabeling. For this reason, we studied 
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acid-assisted dissociation of the pentacoordinated CuII-te1PBP isomer by UV-VIS in 1–5 M 
HClO4.  
The dissociation kinetics follows the first-order rate law, as shown by the reaction rate 
constants, dkobs, displayed in Figure 5. The saturation shapes of the curves indicate that the 
complex is present in two forms with different protonation states. [Cu(H3L)]
+ is a 
thermodynamically stable species and, thus, protonation leads to [Cu(H4L)]
2+. The data 
treatment showed that [Cu(H4L)]
2+ is the only kinetically active species. Therefore, the 




𝑘𝑑 ∙ 𝐾H ∙ [H]
1 + 𝐾H ∙ [H]
                                                                                                                               (3) 
where dk is the dissociation rate constants of [Cu(H4L)]
2+ species, and dKH is the consecutive 
protonation constant of its formation (Scheme 3). After determining the dk and KH values, 
outlined in Table 4, the analysis of temperature-dependent data provided the activation 
parameters (Table 5). The activation parameters and the dissociation half-lives are almost the 
same as those previously reported for related pentacoordinated CuII complexes with 
phosphinato-phosphonate pendant arms.30 This similarity shows that the bis(phosphonate) 
group plays a minor role in the dissociation process. The dissociation half-lives of the CuII-
te1PBP are one order of magnitude longer than those reported for the cyclam trans-
diphosphonate complex CuII-te2P.31  
 
 





Figure 5. Dissociation rate constants dkobs as function of acid concentration (cCuL = 0.5 mM); the 
lines represent the best fits according to Equation 3 
 
Table 4. Kinetic parameters of the acid-assisted decomplexation of CuII-te1PBP complex 
Parameter 40 °C 50 °C 60 °C 70 °C 
dk [s–1] (1.0 ± 0.1)∙10–3 (2.6 ± 0.2)∙10–3 (5.9 ± 0.6)∙10–3 (1.4 ± 0.2)∙10–2 
KH [M
–1] 0.4 ± 0.1 0.39 ± 0.09 0.37 ± 0.08 0.28 ± 0.7 
dkH [M
–1·s–1] 0.4 ∙10–3 1.01∙10–3 2.18∙10–3 3.92∙10–3 
 
Table 5. Activation parameters of acid-assisted dissociation and dissociation half-lives of 








–1][a] 79.1 ± 0.1 81 72; 85[d] 
ΔH# [kJ mol–1][b] 76.3 ± 0.8 78 70; 82[d] 
ΔS# [J K–1 mol–1][b] –59 ± 3 –61 –71; –52[d] 
ΔH [kJ mol–1][c] –9 ± 3 –13.6 –8.3 
ΔS [J K–1 mol–1][c] –36 ± 12 –36 –23 
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t1/2 (1 M HClO4, 70 °C) 3.5 min 2.9 min 0.6 min 
t1/2 (1 M HClO4, 25 °C) 2.7 h 3.3 h 0.3 h 
[a]Arrhenius model: ln(dk) = –(EA/RT) + lnA. 
[b]Eyring model: ln(dk/T) = –(ΔH#/RT) + ΔS#/R) 
+ ln(kB/h). 
[c]lnK = –(ΔH/RT) + ΔS/R). [d]Data for two dissociation pathways 
 
Sorption on hydroxyapatite 
Hydroxyapatite is the major inorganic component of bone tissue and interacts with 
bis(phosphonates). Thus, sorption on hydroxyapatite is used as an in-vitro model. Our sorption 
experiments performed at pH = 7.4 showed that sorption is fast and efficient (Figures S6 and 
S7). When using 0.3 mol of CuII-te1PBP, the complex is quantitatively adsorbed on ~100 mg 
of hydroxyapatite, and equilibrium is reached in a few minutes. These values are comparable 
with data previously published for lanthanide(III) complexes of analogous bis(phosphonate)-




BP radiolabeling with [64Cu]CuCl2 was performed in 0.1 M MES buffer (pH 5.5) at 
room temperature. Under these conditions, ligand labeling was fast and efficient, and 
quantitative labeling was reached at room temperature within 30 min, similarly to labelling with 
ligand H2te1P
PIN bearing bis(phosphinate) pendant arms and its derivatives.31,39 These excellent 
labeling properties are in line with the very fast complex formation described above. Moreover, 
the [64Cu]CuII-te1PBP tracer was obtained with a high specific activity of approximately 30 
GBq/μmol of the ligand, which is a desirable property considering its potential applications. 
 
Small animal PET imaging 
After intravenously injecting [64Cu]CuII-te1PBP into healthy mice, small-animal PET showed 
bone-selective accumulation of the radiotracer, which plateaued 30−60 minutes later and 
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remained stable with a high target-to-background ratio for at least 24 h (Figure 6). The 
[64Cu]CuII-te1PBP tracer showed rapid blood clearance and elimination through the renal 
pathway within 30 min. This low extra-osseous accumulation and rapid elimination of the non-
bound fraction of [64Cu]CuII-te1PBP through the kidneys is typical of bis(phosphonate) 
pharmaceuticals.40,41  
[64Cu]CuII-te1PBP is unlikely to be metabolized and should be excreted unchanged based on 
our previous findings39 although further research is required to confirm these assumptions. 
Nevertheless, [64Cu]CuII-te1PBP did not accumulate or, more specifically, show any activity in 
mouse liver. This observation indicates the high stability of [64Cu]CuII-te1PBP and its resistance 
to in vivo transchelation to liver proteins (such as superoxide dismutase) – a frequently observed 
metabolic fate of 64CuII-labeled compounds, particularly in rodents, which is accompanied by 
64Cu trapping in the liver.42-44  
The highest skeletal uptake of [64Cu]CuII-te1PBP in mice (Figure 6B) was detected in the distal 
ends of tubular bones (epiphyses), as well as in vertebral bodies, maxilla, and mandible (mean 
SUV 7.13). In the most proximal regions of the tubular bones, uptake was considerably lower 
(mean SUV 0.73), thus suggesting that [64Cu]CuII-te1PBP preferentially accumulates in skeletal 
regions with a high metabolic turnover, presumably at active sites of osteoblastic and/or 
osteoclastic bone remodeling. Similar bone region selectivity has also been reported for other 
radiolabeled bis(phosphonates), such as [99mTc]Tc-MDP and [99mTc]Tc-hydroxy-ethylidene-





Figure 6. Dynamic PET imaging of [64Cu]CuII-te1PBP in mice: the tracer shows rapid renal 
excretion and efficient skeletal uptake (A), plateaus between 30 and 60 min after injection and 
remains stable for 24 h (B). Description: (bohigh) skeletal regions with the highest bone uptake; 
(bolow) skeletal regions with the lowest bone uptake; (ht) heart; (ki) kidney; (bl) bladder; (SUV) 
standardized uptake value; (RT) radiotracer; (L) left; (R) right. 
After intravenously injecting [64Cu]CuII-te1PBP in rats, we observed an uptake pattern similar 
to that identified in mice by small-animal PET (Figure 7). Concurrently, the muscle region 
selectivity of [64Cu]CuII-te1PBP in rats (Figure 7A) matched that of [18F]fluoride, which was 
recorded three days earlier in the same animals (Figure 7B). Since [18F]fluoride preferentially 
binds to bone minerals deposited by osteoblasts,47,48 [64Cu]CuII-te1PBP selectivity for skeletal 
regions with high bone remodeling may underlie similar physiological mechanisms. 
Furthermore, both [64Cu]CuII-te1PBP and [18F]fluoride uptake was higher in critical bone defect 
regions of the right femur (16 weeks after surgery) than in healthy reference regions of the left 
femur (Figure 7C). Bone defects supported with an absorbable hemostatic gelatin sponge and 
unsupported bone defects showed similar [64Cu]CuII-te1PBP uptake in this pilot experiment 
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(data not shown). Combined, these observations underscore the usefulness of [64Cu]CuII-te1PBP 
as a potential PET radiotracer for bone healing evaluation in preclinical and clinical settings 
with a diagnostic value equivalent to that of [18F]fluoride.  
Given that 64Cu has a longer half-life (12.7 h) than 18F (1.8 h), with virtually the same 
maximum positron energy (18F, 0.634 MeV; 64Cu, 0.653 MeV), [64Cu]CuII-te1PBP enables long 
observation times during longitudinal studies at the same resolution. In turn, differences in 
standard uptake values most likely reflect pharmacokinetic differences between [64Cu]CuII-
te1PBP and [18F]fluoride. Moreover, CuII-te1PBP labeled with either 64Cu or the beta-minus 
particle-emitting 67Cu can be considered a ‘matched pair’. Therefore, such a matched pair may 
be clinically applied in both bone tumor and metastasis imaging and treatment. 
In the present experimental settings, the field of view allowed us to perform whole-animal 
scans in mice and pelvic scans in rats. When directly comparing the species, clear differences 
were found only in the lower urinary tract, with a high accumulation of [64Cu]CuII-te1PBP in rat 
ureters. Mineral deposits in the form of calcium phosphate in the lower urinary tract of aged 





Figure 7. Comparison between [64Cu]CuII-te1PBP (A) and [18F]fluoride (B) in the same rats; 
static PET imaging of a critical bone defect in rats 1 h after injection (A, B) and bone uptake 
(C); description: (bodef) critical bone defect in the right femur; (boref) healthy bone reference 
region in the left femur; (bohigh) skeletal regions with the highest bone uptake; (bl) bladder; 
(SUV) standardized uptake value; (RT) radiotracer; (L) left; (R) right 
Conclusions 
Our ligand, H5te1P
BP, combining cyclam with a phosphinate-bis(phosphonate) pendant, 
shows high macrocycle basicity and thermodynamic selectivity for CuII over NiII and ZnII ions. 
The CuII-te1PBP complex is highly thermodynamically stable and highly kinetically inert. The 
complex forms almost immediately in a milimolar scale at pH > 5. The properties of the 
bis(phosphonate) group do not change near the macrocyclic moiety because the 
bis(phosphonate) group is not coordinated to the metal ion in the macrocyclic cavity. Thus, the 
CuII-te1PBP complex binds to other metal ions in solution as do other bis(phosphonates), which 
is important for in-cage complex speciation in body fluids. Moreover, the bis(phosphonate) 
group is fully available for interaction with bone surfaces, and the CuII-te1PBP complex is 
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efficiently adsorbed on both hydroxyapatite in vitro and bone tissue in vivo. H5te1P
BP 
radiolabeling with [64Cu]CuCl2 is fast and efficient, with high specific activities. [
64Cu]CuII-
te1PBP shows excellent properties for imaging active bone compartments and a high uptake in 
critical bone defect regions, thus demonstrating its high potential as a longer living surrogate 
of [18F]fluoride for bone healing evaluation in preclinical and clinical settings. This chelator 
also has a theranostics potential because therapeutic 67Cu can be used for bone metastasis 
treatment. Overall, thanks to its combined properties, H5te1P




All commercially available starting materials were used without further purification. 
Tris(trifluoroacetyl)cyclam 124 and bis(phosphonate)-phosphinate reagent 288 were synthesized 
according to previously published procedures. Characterization 1H (400 MHz), 13C (100 MHz) 
and 31P (161 MHz) NMR spectra were acquired at 25 °C on a Bruker 400 Avance spectrometer. 
Whenever required, NMR experiments were conducted at a higher temperature on a Varian 
S300 to measure 1H (300 MHz) and 31P (121 MHz) NMR spectra. All NMR measurements 
were performed in D2O. For 
1H and 13C NMR measurements, the methyl signal of t-BuOH was 
used as an internal standard (δ = 1.2 and 31.2 ppm for 1H and 13C NMR, respectively); 31P NMR 
spectra were referenced to external 85% H3PO4 (δ = 0.0 ppm). All values of chemical shifts are 
given in ppm, and the coupling constants in Hz. ESI-MS spectra were recorded on a Bruker 
Esquire 3000 spectrometer with ion-trap detection in negative or positive modes. Merck 
aluminum foils with silica gel 60 F254 were used for TLC. 
64Cu was produced in a TR-FLEX 
cyclotron (Helmholtz-Zentrum Dresden-Rossendorf) by a 64Ni(p,n)64Cu nuclear reaction, 
giving specific activities of 500 GBq µM−1 Cu diluted in aqueous HCl (10 mM). Chelator 
radiolabeling was monitored by radio-TLC (ITLCSA-glass microfiber chromatography paper 
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impregnated with silicagel, Agilent Technologies, Lake Forest, CA, USA) and assessed on a 
radioactivity thin-layer analyzer (Rita Star, Raytest). Radioactivity was counted on an ISOMED 
2010 (Nuklear-Medizintechnik Dresden GmbH). 
Synthesis 
Compound 3: (CH2O)n (300 mg, 10.0 mmol, 2.5 equiv.) and pyridine hydrobromide (1.28 
g, 8.0 mmol, 2.0 equiv.) were added to a solution of triprotected cyclam 1 (1.95 g, 4.0 mmol) 
and phosphinate-bis(phosphonate) reagent 2 (1.58 g, 4.0 mmol, 1.0 equiv.) in dry pyridine (30 
mL). The mixture was heated to 40 °C and stirred under argon atmosphere, showing complete 
conversion in 31P NMR after 18 h. The pyridine was evaporated in vacuum, and the residue was 
dissolved in chloroform (40 mL) and extracted with water (2  40 mL). The organic layer was 
dried over anhydrous Na2SO4, the suspension was filtered, and the filtrate was evaporated in 
vacuum. The crude reaction mixture was purified on a silica gel column (EtOAc/EtOH 12:1, Rf 
= 0.5), yielding compound 3 (2.82 g, 79 %). 
1H-NMR (300 MHz, DMSO-d6, 90°C)  4.13–3.95 (10H, m, 5x CH3CH2O), 3.87–3.32 (15H, 
m), 3.07–2.58 (6H, m), 2.47–1.54 (4H, m), 1.29–1.15 (15H, m, 5xCH3CH2O); 31P-NMR (121 
MHz, DMSO-d6, 90°C)  49.7 (1P, bs, PO2Et), 24.2 (1P, bs, PO3Et2), 23.4 (1P, bs, PO3Et2); 
19F-NMR (282 MHz, DMSO-d6, 90°C)  –67.8 (3F, s, CF3), –68.3 (6F, s, 2xCF3); MS (+): 
895.6 [M+H]+; 917.5 [M+Na]+. 
H5te1PBP: The protected intermediate 3 (1.26 g, 1.4 mmol) was dissolved in aq. HCl (6 M, 
40 mL). The reaction mixture was refluxed for 18 h. Volatiles were evaporated in vacuum. The 
crude reaction product was purified on a strong cation exchange resin (Dowex 50, 150 mL, H+-
form, water elution, followed by 5 % aq. ammonia). The ammonia fraction was evaporated to 
dryness. The yellow-orange product was dissolved in water (100 mL) and decolorized by a 
short reflux with active carbon. The solvent was removed, and the product was recrystallized 
by adding EtOH. The white crystalline material was filtered and dissolved in water (120 mL), 
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and the solution was lyophilized, yielding a white powder with the following composition: 
H5te1P
BP·5H2O (480 mg, 74 % yield). 
1H-NMR (400 MHz, CsOD+D2O, pD ≥ 12)  2.92–2.75 (m, 16H, 8x N–CH2), 2.64–2.56 (m, 
2H, N–CH2–P), 2.16–1.91(m, 3H, P–CH–P, P–CH2–CH), 1.89–1.82 (m, 2H, CH2–CH2–CH2), 
1.77–1.69 (m, 2H, CH2–CH2–CH2); 13C{1H}-NMR (100 MHz, D2O + CsOD, pD ≥ 12)  54.9 
(d, 1C, N–CH2, 
3JCP = 12 Hz), 54.5 (s, 1C), 53.5 (d, 1C, N–CH2-P, 
1JCP = 100 Hz), 50.0 (s, 1C), 
49.7 (s, 1C), 46.28 (s, 1C), 46.26 (s, 1C), 46.1 (s, 1C), 44.8 (s, 1C), 36.0 (td, 1C, P–CH–P, 1JCP 
= 116 Hz, 2JCP = 6 Hz), 29.8 (dt, 1C, P–CH2–CH, 
1JCP = 88 Hz, 
2JCP = 5 Hz), 26.5 (s, 1C, CH2–
CH2–CH2), 23.7 (s, 1C, CH2–CH2–CH2); 31P{1H}-NMR (121 MHz, D2O+CsOD, pD ≥ 12)  
41.1 (1P, t, 3JPP = 21 Hz, PO2H), 19.43 (2P, d, 
3JPP = 21 Hz, 2xPO3H2); 31P-NMR (121 MHz, 
D2O+CsOD, pD ≥ 12)  41.7–40.6 (1P, m, PO2H), 20.2-18.8 (2P, m, 2xPO3H2); MS (+): 467.05 
[M+H]+; Elemental analysis: found (calcd C13H33N4O8P3·5H2O): C 27.64 (28.06), H 7.29 
(7.79), N 10.33 (10.07), P 16.71 (16.70). 
Potentiometric titrations 
Potentiometry was performed according to previously published procedures; for further 
details on the preparation of stock solutions and chemicals and on equipment, electrode system 
calibration, titration procedures and data treatment, see refs. 50,51. Extra HCl (~1 ekv.) was 
added to the ligand stock solution to fully dissolve the solid ligand zwitterionic form. 
Throughout the paper, pH means –log[H+]. Protonation and stability constants were determined 
in 0.1 M (NMe4)Cl at 25.0 °C with pKw = 13.81. The stability constants of the Cu
II, ZnII and NiII 
complexes were determined by simultaneous treatment of data from three or more parallel out-
of-cell (pH range 1.6–5.0, ~20 points per titration) and in-cell (pH range 5.0–12.1, ~30 points 
per titration) titrations (cL = cM = 4 mM). For out-of-cell titrations (starting volume 1 ml), the 
batches were prepared under an argon stream in tubes with ground joints from the ligand, metal 
ion and HCl/(NMe4)Cl stock solutions and water. Then, a known amount of the (NMe4)OH 
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stock solution was added under Ar. The tubes were firmly closed with stoppers, and the 
solutions were equilibrated at room temperature for 1 week. 
Solutions of the pre-formed CuII-te1PBP complex were prepared by mixing stoichiometric 
amounts of the ligand and CuII stock solutions in a glass ampoule followed by a slow, portion-
wise addition (2 h) of the stock (NMe4)OH solution (3 equiv.) under Ar. The ampoule was 
flame-sealed and left at 80 °C overnight to fully form the in-cage complex. The ampoule was 
opened under Ar, and aliquots of the in-cage complex solution were transferred into the titration 
vessel. Water, HCl and stock solutions of (NMe4)Cl and metal chlorides were added (to reach 
I = 0.1 M (NMe4)Cl in the final solution, with 5 mL starting volume, ~0.004 M in-cage complex 
concentration, and 2, 4 or 8 mM additional metal ion concentrations) before performing the in-
cell titration (pH range 2.3–12.1, ~60 points per titration).34  
The titration data were treated using the program OPIUM52 and selecting the chemical model 
with the best fit and performance, according to the sum of squares of residuals, standard 
deviations, chemical meaning and reflecting abundance of species. Species with <10% 
abundance along the whole pH range were disregarded in all experiments. The full sets of 
determined constants (and their standard deviations given directly by the program) are shown 
in ESI (Tables S1 and S2). 
UV-VIS titration 
UV-VIS spectra of the CuII-H5te1P
BP system were recorded on a Specord 50 Plus 
spectrophotometer (Analytik Jena AG) at cL = cCu = 4 mM in the pH range 0–1.3. The pH was 
calculated from the concentration of HCl added to the solutions. The solutions were equilibrated 
at room temperature for 1 week. The stability of the complex was determined from absorbance 
at the maximum of the absorption band at 580 nm by simultaneous treatment with 




The 31P NMR titration of H5te1P was performed on a Bruker 400 Avance spectrometer. The 
samples were prepared in H2O at a ligand concentration ~4 mmol dm
–3 in the pH range 12.2–
14.1. The pH of the samples was adjusted with aqueous NMe4OH and calculated from the 
NMe4OH concentration. Changes in 
31P NMR chemical shifts were evaluated by NMR titration. 
The data were treated with the program OPIUM.52 
Formation and dissociation kinetics 
Experiments were performed on a Bio Sequential SX-20 stopped-flow spectrophotometer 
(Applied Photophysics) equipped with a 150-W xenon lamp and with a diode-array accessory 
detector or on a Specord 50 Plus spectrophotometer (Analytik Jena AG). Formation kinetics 
were studied under an excess of metal ion (cL = 0.05 mM, cCu = 0.05–2.5 mM) or ligand (cCu = 
0.05 mM, cL = 0.05–2.5 mM), at pH ~ 3.5–5.5, 25 ± 0.1 °C, I = 0.1 M KCl, and a fifty-fold molar 
excess of the appropriate buffers (chloroacetic acid, acetic acid or 2-(N-
morpholino)ethanesulfonic acid (MES)). The pH of the solution remained unchanged after the 
measurement. Dissociation kinetics were analyzed using stock solutions of complexes prepared 
by mixing equimolar amounts of CuII and ligand solutions, subsequently adding a NaOH 
solution to reach pH ~ 5. The measurements were performed at cCuL = 0.1 mM, I = 5.0 M 
(H,Na)ClO4 and 40, 50, 60 and 70 ± 0.1 °C. The formation (
fkobs) and dissociation (
dkobs) rate 
constants were fitted from the absorbance at 273 nm as function of time using the Pro-KII 
software (Applied Photophysics) or the Scientist program, version 2.0 (Micromath), with the 
following general exponential function (Equation 4). 
        (4) 
X-ray diffraction study 
Single crystals of H5te1P
BP∙6H2O were obtained by slow vapor diffusion of EtOH into an 
aqueous solution of the ligand. Diffraction data were collected at 120 K (Cryostream Cooler, 







an IμS micro-focus-sealed tube using Cu-Kα (λ = 1.54178 Å) radiation. Data were analyzed 
using the SAINT (Bruker AXS Inc.) software package and subsequently corrected for 
absorption effects using the numerical method (SADABS). The structure was solved using 
direct methods (SHELXT2014)53 and refined with full-matrix least-squares techniques 
(SHELXL2014).54 The structurally independent unit corresponds to the formula unit. One of 
phosphonate groups was disordered in two positions, sharing carbon and phosphorus atoms, 
with oxygen atoms turned in two positions with a relative occupancy of 78:22. Two hydration 
water molecules were disordered in two close positions, with relative occupancies of 66:34. All 
non-hydrogen atoms were refined anisotropically. All hydrogen atoms, except those belonging 
to disordered water molecules, were found in the difference density map. However, hydrogen 
atoms bound to carbon atoms were fixed in theoretical positions using Ueq(H) = 1.2∙Ueq(C) to 
keep the number of parameters low, and only hydrogen atoms bound to nitrogen and oxygen 
atoms were fully refined (except several hydrogen atoms belonging to some of water molecules, 
whose bond distances became unrealistically long when fully refined and were, thus, fixed in 
the original positions of the corresponding electronic maxima). Table S8 outlines selected 
crystallographic parameters. The complete structural data were deposited to the Cambridge 
Crystallographic Data Centre under CCDC reference number CCDC-2086453. 
Sorption on hydroxyapatite 
Hydroxyapatite was suspended in a TRIS-HCl buffer solution (pH = 7.5), and a stock solution 
of CuII-te1PBP complex and water was added to reach a complex concentration of 1 mM, a 
buffer concentration of 0.1 M and a total solution volume of 3 ml. The resulting mixture was 
gently shaken at 25 °C for the appropriate time. The suspension was filtered through a Millipore 
syringe filters (0.22 µm), and the concentration of the remaining complex was determined by 
UV-VIS at 267 nm. Sorption kinetics: m(hydroxyapatite) = 50 mg, equilibration time t = 10, 30 
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min and 1, 3, 5, 7, 24, 48 h. Sorption efficiency: m(hydroxyapatite) = 10–110 mg, equilibration 
time t = 7 h. 
64Cu Radiolabeling 
The pH of the non-carrier-added (NCA) [64Cu]CuCl2 solution (50 µL in 0.01 M HCl, 300 
MBq) was adjusted to 5.5 by adding 150 µL of 0.1 M MES buffer to a final volume of 200 μL. 
After adding a solution of 0.5 µg H5te1P
BP in water (50 μL), the reaction mixture was incubated 
in a thermomixer at 25 °C and 300 rpm. After 30 min of reaction time, the labeling yield was 
monitored by ITLC (ITLCSA-glass microfiber chromatography paper impregnated with 
silicagel, Agilent Technologies, Lake Forest, CA, USA; eluent 0.1 M Na2EDTA). Yield: 100 
% (33 GBq/µmol). 
Animal experiment 
Animal experiments were performed at HZDR according to guidelines of German 
Regulations for Animal Welfare and approved by the local Animal Ethics Committee for 
Animal Experiments (Landesdirektion, Dresden, Germany). Bone imaging in healthy rodents 
was performed using male athymic nude mice (Rj:NMRI-Foxn1nu/nu, Janvier Labs, Le Genest-
Saint-Isle, France), between 12 and 14 weeks of age, with body weights ranging from 35.9 to 
37.4 grams (n = 3). Bone imaging in rodents with critical size bone defects was performed using 
38-week-old male Wistar rats (RjHan:WI, Janvier), with body weights of 480 and 532 grams 
(n = 2). In a pilot experiment, a 5-mm critical size bone defect was surgically introduced in the 
right femur of two rats, as described elsewhere.55 In one rat, the defect was left empty. In the 
other rat, an absorbable hemostatic gelatin sponge (spongostan) was press-fit inserted into the 
defect. Imaging was performed at 16 weeks after surgery. All animals were housed in a 
pathogen-free facility. Anesthesia was induced and maintained by inhalation of 10% desflurane 
(Baxter, Deerfield, IL, USA) in 30 vol% oxygen air, maintaining the body temperature of the 




Positron emission tomography (PET) and X-ray computed tomography (CT) were performed 
at HZDR using a small-animal nanoScan PET/CT scanner (Mediso, Budapest, Hungary). CT 
images were captured at 50 kVp and used for attenuation correction and anatomical referencing. 
PET data acquisition was started simultaneously with radiotracer intravenous infusion within 
30 s through the tail vein in 0.2 mL of 0.154 M NaCl, respectively. The initially delivered dose 
of [64Cu]CuII-te1PBP was 227 MBq/kg (≈2.6 nmol/kg) in mice and 43.4 MBq/kg (≈0.53 
nmol/kg) in rats, at a molar activity of ≈100 MBq/nmol. For [18F]fluoride PET, a dose of 19.6 
MBq/kg was administered in rats, at a minimum molar activity of 12.0 MBq/nmol. 
Three-dimensional list mode data were binned using a 400–600-keV energy window and 
sorted into 36 time frames (15×10 s, 5×30 s, 5×60 s, 4×300 s, 3×600 s, 4×900 s). Time frames 
were reconstructed using the Tera-TomoTM 3D algorithm, applying a voxel size of 0.4 mm and 
corrections for decay, scatter, and attenuation. Images were post-processed and analyzed using 
Rover (ABX GmbH, Radeberg, Germany) and displayed as a maximum intensity projection 
(MIPs) at indicated time points and scaling. 
 In PET images, three-dimensional regions of interest were delineated by applying fixed 
thresholding at 30% of the measured maximum intensity. Standardized uptake values (SUV = 
[MBq detected activity/mL tissue] / [MBq injected activity/g body weight], mL/g) were 
determined in bone regions with the highest radiotracer uptake (bohigh averaging SUVs 
measured in knee and shoulder joints), in bone regions with the lowest radiotracer uptake (bolow 
averaging SUVs measured in tibiae and ulnae), in critical bone defects of the right femur (bodef), 
and in a healthy bone reference region within the left femur (boref). SUVs were reported as 
means ± range. Time-activity curves of bone uptake were drawn and fitted to the one-phase 
association equation y = y0 + (plateau − y0) × (1 − e
−kx) using Prism 8.0 (GraphPad Software, 




The following files are available free of charge: Overall protonation and stability constants, 31P 
NMR and UV-VIS titrations, example UV-VIS data for complexation and dissociation kinetics, 
equations desribing CuII complex formation, formation rate constants and stability constants of 
out-of-cage complexes, comparison between calculated 99% complexation times, rate constants 
as function of pH, adsorption of complex on hydroxoapatite, experimental crystallographic data 
(SupportingInformation.pdf). 
Corresponding Author 
Vojtěch Kubíček: Department of Inorganic Chemistry, Faculty of Science, Charles University, 
Hlavova 8, 128 40 Prague 2, Czech Republic. Tel.: +420221951436; e-mail: 
kubicek@natur.cuni.cz 
Author Contributions 
The manuscript was written through contributions of all authors. All authors have given 
approval to the final version of the manuscript. 
Funding Sources 
Grant Agency of the Czech Republic (19-17380S), Ministry of Education of the Czech 
Republic (LTC20044), Masaryk University (MUNI/A/1192/2020), COST Action CA18202 
(NECTAR), Deutsche Forschungsgemeinschaft (DFG) Collaborative Research Center 
Transregio 67 “Functional Biomaterials for Controlling Healing Processes in Bone und Skin - 
From Material Science to Clinical Application“ (CRC/TRR 67/3); project B5 - In vivo and ex 
vivo investigation of the effects of artificial matrices on implant surfaces in long bones 
Acknowledgement 
We are grateful for the support from the Grant Agency of the Czech Republic (19-17380S), 
Ministry of Education of the Czech Republic (LTC20044) and from Masaryk University 
169 
 
(MUNI/A/1192/2020). This work was performed within the framework of COST Action 
CA18202 (NECTAR). We also thank the Deutsche Forschungsgemeinschaft (DFG) for 
supporting this work within the Collaborative Research Center Transregio 67 “Functional 
Biomaterials for Controlling Healing Processes in Bone und Skin - From Material Science to 
Clinical Application“ (CRC/TRR 67/3); project B5 - In vivo and ex vivo investigation of the 
effects of artificial matrices on implant surfaces in long bones (S.S., C.N., S.R., & J.P.). In 
addition, we thank Dr. I. Císařová (Charles University) for performing of X-ray diffraction 
measurements and Dr. Carlos V. Melo for editing the manuscript. 
 
References 
1 Palma, E.; Correia, J. D. G.; Campello, M. P. C.; Santos, I. Bisphosphonates as radionuclide 
carriers for imaging or systemic therapy. Mol. BioSyst. 2011, 7, 2950–2966. 
2 Lange, R.; Heine, R.; Knapp, R.; de Klerk, J. M. H.; Bloemendal, H. J.; Hendrikse, N. H. 
Pharmaceutical and clinical development of phosphonate-based radiopharmaceuticals for the 
targeted treatment of bone metastases. Bone 2016, 91, 159–179. 
3 Zhang, S.; Gangal, G.; Uludag, H. Magic bullets for bone diseases: progress in rational 
design of bone-seeking medicinal agents. Chem. Soc. Rev. 2007, 36, 507–531. 
4 Kubíček, V.; Lukeš, I. Bone-seeking probes for optical and magnetic resonance imaging. 
Future Med. Chem. 2010, 2, 521–531. 
5 Barbosa, J. S.; Paz, F. A. A.; Braga, S. S. Bisphosphonates, old friends of bones and new 
trends in clinics. J. Med. Chem. 2021, 64, 1260–1282.  
170 
 
6 Kubíček, V.; Rudovský, J.; Kotek, J.; Hermann, P.; Vander Elst, L.; Muller, R. N.; Kolar, 
Z. I.; Wolterbeek, H. T.; Peters, J. A.; Lukeš, I. A bisphosphonate mono-amide analogue of 
DOTA: a Potential agent for bone-targeting. J. Am. Chem. Soc. 2005, 127, 16477–16485. 
7 Vitha, T.; Kubíček, V.; Hermann, P.; Vander Elst, L.; Muller, R. N.; Kolar, Z. I.; 
Wolterbeek, H. T.; Breeman, W. A. P.; Lukeš, I.; Peters, J. A. Lanthanide(III) complexes of 
bis(phosphonate) monoamide analogues of DOTA: Bone-seeking agents for imaging and 
therapy. J. Med. Chem. 2008, 51, 677–683. 
8 Vitha, T.; Kubíček, V.; Kotek, J.; Hermann, P.; Vander Elst, L.; Muller, R. N.; Lukeš, I.; 
Peters, J. A. A Gd(III) Complex of a Monophosphinate-bis(phosphonate) DOTA Analogue with 
a High 1H NMR Relaxivity; Lanthanide(III) Complexes for Imaging and Radiotherapy of 
Calcified Tissues. Dalton Trans. 2009, 3204–3214. 
9 Fellner, M.; Biesalski, B.; Bausbacher, N.; Kubíček, V.; Hermann, P.; Rösch, F.; Thews, O. 
68Ga-BPAMD: PET-imaging of bone metastases with a generator based positron emitter. Nucl. 
Med. Biol. 2012, 39, 993–999. 
10 Holub, J.; Meckel, M.; Kubíček, V.; Rösch, F.; Hermann, P. Gallium(III) complexes of 
NOTA-bis(phosphonate) conjugates as PET radiotracers for bone imaging. Contrast Media 
Mol. Imaging 2015, 10, 122–134. 
11 Bergmann, R.; Meckel, M.; Kubíček, V.; Pietzsch, J.; Steinbach, J.; Hermann, P.; Rösch, 
F. 177Lu-labelled macrocyclic bisphosphonates for targeting bone metastasis in cancer 
treatment. EJNMMI Res. 2016, 6, 5.  
12 Mishiro, K.; Hanaoka, H.; Yamaguchi, A.; Ogawa, K. Radiotheranostics with 
radiolanthanides: Design, development strategies, and medical applications. Coord. Chem. Rev. 
2019, 383, 104–131. 
171 
 
13 Pfannkuchen, N.; Meckel, M.; Bergmann, R.; Bachmann, M.; Bal, Ch.; Sathekge, M.; 
Mohnike, W.; Baum, R. P.; Rösch, F. Novel radiolabeled bisphosphonates for PET diagnosis 
and endoradiotherapy of bone metastases. Pharmaceuticals 2017, 10, 45. 
14 Fellner, M.; Baum, R. P.; Kubíček, V.; Hermann, P.; Lukeš, I.; Prasad, V.; Rösch, F. 
PET/CT imaging of osteoblastic bone metastases with 68Ga-bisphosphonates: first human 
study. Eur. J. Nucl. Med. Mol. Imaging 2010, 37, 834. 
15 Passah, A.; Tripathi, M.; Ballal, S.; Yadav, M.P.; Kumar, R.; Roesch, F.; Meckel, M.; 
Sarathi Chakraborty, P.; Bal, C. Evaluation of bone-seeking novel radiotracer 68Ga-NO2AP-
bisphosphonate for the detection of skeletal metastases in carcinoma breast. Eur. J. Nucl. Med. 
Mol. Imaging 2017, 44, 41–49. 
16 Khawar, A.; Eppard, E.; Rösch, F.; Ahmadzadehfar, H.; Kürpig, S.; Meisenheimer, M.; 
Gaertner, F. C.; Essler, M.; Bundschuh, R. A. Biodistribution and post-therapy dosimetric 
analysis of [177Lu]Lu-DOTAZOL in patients with osteoblastic metastases: first results. 
EJNMMI Res. 2019, 9, 102. 
17 Procházková, S.; Hraníček, J.; Kubíček, V.; Hermann, P. Formation kinetics of 
europium(III) complexes of DOTA and its bis(phosphonate) bearing analogues. Polyhedron 
2016, 111, 143–149. 
18 Notni, J.; Plutnar, J.; Wester, H. J. Bone seeking TRAP conjugates: surprising observations 
and implications on development of gallium-68-labeled bisphosphonates. EJNMMI Res. 2012, 
2, 13. 
19 Boros, E.; Packard, A. B. Radioactive transition metals for imaging and therapy. Chem. 
Rev. 2019, 119, 870–901. 
172 
 
20 Ahmedova, A.; Todorov, B.; Burdzhiev, N.; Goze, C. Copper radiopharmaceuticals for 
theranostic applications. Eur. J. Med. Chem. 2018, 157, 1406–1425. 
21 Paterson, B. M.; Donnelly, P. S. Macrocyclic bifunctional chelators and conjugation 
strategies for copper-64 radiopharmaceuticals. Adv. Inorg. Chem. 2016, 68, 223–251. 
22 Sun, X.; Wuest, M.; Kovács, Z.; Sherry, A. D.; Motekaitis, R.; Wang, Z.; Martell, A. E.; 
Welch, M.; Anderson, C. In vivo behavior of copper-64-labeled methanephosphonate tetraaza 
macrocyclic ligands. J. Biol. Inorg. Chem. 2003, 8, 217–225. 
23 Boschi, A.; Martini, P.; Janevik-Ivanovska, E.; Duatti, A. The emerging role of copper-64 
radiopharmaceuticals as cancer theranostics. Drug Discovery Today 2018, 23, 1489–1501. 
24 Yang, W.; Giandomenico, Ch. M.; Sartori, M.; Moore, D. A. Tetrahedron Lett., 2003, 44, 
2481–2483. 
25 Lukeš, I.; Kotek, J.; Vojtíšek, P.; Hermann, P. Complexes of tetraazacycles with 
methylphosphinic/phosphonic acid pendant arms. A comparison with their acetic acid 
analogues. Coord. Chem. Rev. 2001, 216-217, 287–312. 
26 Kotek, J.; Vojtíšek, P.; Císařová, I.; Hermann, P.; Jurečka, P.; Rohovec, J.; Lukeš, I. 
Bis(methylphosphinic acid) derivatives of 1,4,8,11-tetraazacyclotetradecane (cyclam). 
Synthesis, crystal and molecular structures, and solution properties. Collect. Czech. Chem. 
Commun. 2000, 65, 1289–1316. 
27 Kubíček, V.; Kotek, J.; Hermann, P.; Lukeš, I. Aminoalkylbis(phosphonates): Their 
complexation properties in solution and in the solid state. Eur. J. Inorg. Chem. 2007, 333–344. 
28 Meyer, M.; Dahaoui-Gindrey, V.; Lecomte, C.; Guilard, R. Conformations and 
coordination schemes of carboxylate and carbamoyl derivatives of the tetraazamacrocycles 
173 
 
cyclen and cyclam, and the relation to their protonation states. Coord. Chem. Rev. 1998, 178–
180, 1313–1405. 
29 Bosnich, B.; Poon, C. K.; Tobe, M. Complexes of cobalt (III) with a cyclic tetradentate 
secondary amine. Inorg. Chem. 1965, 4, 1102–1108. 
30 Kotek, J.; Lubal, P.; Hermann, P.; Císařová, I.; Lukeš, I.; Godula, T.; Svobodová, I.; 
Táborský, P.; Havel, J. Unusually high thermodynamic stability and extraordinary kinetic 
inertness of copper(II) complexes with 1,4,8,11-tetraazacyclotetradecane-1,8-
bis(methylphosphonic acid). Example of a rare isomerism between kinetically inert penta- and 
hexacoordinated copper(II) complexes. Chem. Eur. J. 2003, 9, 233–248. 
31 David, T.; Kubíček, V.; Gutten, O.; Lubal, P.; Kotek, J.; Pietzsch, H.-J.; Rulíšek, L.; 
Hermann P. Cyclam derivatives with a bis(phosphinate) or a phosphinato−phosphonate pendant 
arm: Ligands for fast and efficient copper(II) complexation for nuclear medical applications. 
Inorg. Chem. 2015, 54, 11751–11766. 
32 Füzerová, S.; Kotek, J.; Cíısařová, I.; Hermann, P.; Binnemans, K.; Lukeš, I. Cyclam 
(1,4,8,11-tetraazacyclotetradecane) with one methylphosphonate pendant Arm: A new ligand 
for selective copper(II) binding. Dalton Trans. 2005, 2908–2915. 
33 Svobodová, I.; Lubal, P.; Plutnar, J.; Havlíčková, J.; Kotek, J.; Hermann, P.; Lukeš, I. 
Thermodynamic, kinetic and solid-state study of divalent metal complexes of 1,4,8,11-
tetraazacyclotetradecane (cyclam) bearing two trans (1,8-)methylphosphonic acid pendant 
arms. Dalton Trans. 2006, 5184–5197. 
34 Procházková, S.; Kubíček, V.; Böhmová, Z.; Holá, K.; Kotek, J.; Hermann, P. DOTA 
analogue with phosphinate-iminodiacetate pendant arm: modification of complex formation 
rate with a strongly chelating pendant. Dalton Trans., 2017, 46, 10484–10497. 
174 
 
35 Kubíček, V.; Vitha, T.; Kotek, J.; Hermann, P.; Vander Elst, L.; Muller, R. N.; Lukeš, I.; 
Peters, J. A. Towards MRI contrast agents responsive to Ca(II) and Mg(II) ions: metal-induced 
oligomerization of dota-bisphosphonate conjugates. Contrast Media Mol. Imaging 2010, 5, 
294–296. 
36 Matczak-Jon, E.; Videnova-Arabinska, V. Supramolecular chemistry and complexation 
abilities of diphosphonic acids. Coord. Chem. Rev. 2005, 249, 2458–2488. 
37 Pazderová, L.; David, T.; Hlinová, V.; Plutnar, J.; Kotek, J.; Lubal, P.; Kubíček, V.; 
Hermann, P. Cross-Bridged cyclam with phosphonate and phosphinate pendant arms: Chelators 
for copper radioisotopes with fast complexation. Inorg. Chem. 2020, 59, 8432−8443. 
38 Vitha, T.; Kubíček, V.; Hermann, P.; Kolar, Z. I.; Wolterbeek, H. T.; Peters, J. A.; Lukeš, 
I. Complexes of DOTA-bisphosphonate conjugates: Probes for determination of adsorption 
capacity and affinity constants of hydroxyapatite. Langmuir 2008, 24, 1952–1958. 
39 David, T.; Hlinová, V.; Kubíček, V.; Bergmann, R.; Striese, F.; Berndt, N.; Szöllösi, D.; 
Kovács, T.; Máthé, D.; Bachmann, M.; Pietzsch, H.-J.; Hermann, P. Improved conjugation, 64-
Cu radiolabeling, in vivo stability, and imaging using nonprotected bifunctional macrocyclic 
ligands: Bis(phosphinate) cyclam (BPC) chelators. J. Med. Chem. 2018, 61, 8774–8796.  
40 Fleisch, H. Bisphosphonates: mechanisms of action. Endocrinol. Rev. 1998, 19, 80–100. 
41 Rothe, R.; Hauser, S.; Neuber, C.; Laube, M.; Schulze, S.; Rammelt, S.; Pietzsch, J. 
Adjuvant drug-assisted bone healing: Advances and challenges in drug delivery approaches. 
Pharmaceutics 2020, 12, 428. 
42 Bass, L. A.; Wang, M.; Welch, M. J.; Anderson, C. J. In vivo transchelation of copper-64 




43 Gao, F.; Sihver, W.; Bergmann, R.; Walther, M.; Stephan, H.; Belter, B.; Neuber, Ch.; 
Haase‐Kohn, C.; Bolzati, C.; Pietzsch, J.; Pietzsch, H.-J. Radiochemical and 
radiopharmacological characterization of a 64Cu‐labeled α‐MSH analog conjugated with 
different chelators. J. Labelled Compnd. Radiopharm. 2019, 62, 495–509 
44 Ullrich, M.; Bergmann, R.; Pietzsch, M.; Zenker, E. F.; Cartellieri, M.; Bachmann, M.; 
Ehrhart-Bornstein, M.; Block, N. L.; Schally, A. W.; Eisenhofer, G.; Bornstein, S. R.; Pietzsch, 
J.; Ziegler, C. G. Multimodal somatostatin receptor theranostics using [64Cu]Cu-/[177Lu]Lu-
DOTA-(Tyr3)octreotate and AN-238 in a mouse pheochromocytoma model. Theranostics 
2016, 6, 650–665. 
45 Zhong, Z. A.; Peck, A.; Li, S.; VanOss, J.; Snider, J.; Droscha, C. J.; Chang, T. A.; 
Williams, B. O. 99mTC-Methylene diphosphonate uptake at injury site correlates with osteoblast 
differentiation and mineralization during bone healing in mice. Bone Res. 2015, 3, 15013. 
46 Ventura, M.; Franssen, G. M.; Oosterwijk, E.; Boerman, O. C.; Jansen, J. A.; Walboomers, 
X. F. SPECT vs. PET monitoring of bone defect healing and biomaterial performance in vivo. 
J. Tissue Eng. Regener. Med. 2016, 10, 843–854. 
47 Toegel, S.; Hoffmann, O.; Wadsak, W.; Ettlinger, D.; Mien, L.-K.; Wiesner, K.; Nguemo, 
J.; Viernstein, H.; Kletter, K.; Dudczak, R.; Mitterhauser, M. Uptake of bone-seekers is solely 
associated with mineralisation! A study with 99mTc-MDP, 153Sm-EDTMP and 18F-fluoride on 
osteoblasts. Eur. J. Nucl. Med. Mol. Imaging 2006, 33, 491–494. 
48 Mathavan, N.; Koopman, J.; Raina, D. B.; Turkiewicz, A.; Tägil, M.; Isaksson, H. 18F-
fluoride as a prognostic indicator of bone regeneration. Acta Biomater. 2019, 90, 403–411. 
176 
 
49 Frazier, K. S.; Seely, J. C.; Hard, G. C.; Betton, G.; Burnett, R.; Nakatsuji, S.; Nishikawa, 
A.; Durchfeld-Meyer, B.; Bube, A. Proliferative and nonproliferative lesions of the rat and 
mouse urinary system. Toxicol. Pathol. 2012, 40, 14S-86S. 
50 Kubíček, V.; Havlíčková, J.; Kotek, J.; Tircsó, G.; Hermann, P.; Tóth, É.; Lukeš, I. 
Gallium(III) complexes of DOTA and DOTA-monoamide: Kinetic and thermodynamic studies. 
Inorg. Chem. 2010, 49, 10960–10969. 
51 Försterová, M.; Svobodová, I.; Lubal, P.; Táborský, P.; Kotek, J.; Hermann, P.; Lukeš, I. 
Thermodynamic study of lanthanide(III) complexes with bifunctional monophosphinic acid 
analogues of H4dota and comparative kinetic study of yttrium(III) complexes. Dalton Trans. 
2007, 535–549. 
52 a) Kývala, M.; Lukeš, I.. International Conference Chemometrics ‘95, Pardubice, Czech 
Republic, 1995, p. 63; b) Kývala, M.; Lubal, P.; Lukeš, I. IX. Italian–Spanish and 
Mediterranean Congress on Thermodynamics of Metal Complexes (ISMEC 98), Girona, Spain, 
1998. The full version of the OPIUM program is available (free of charge) on 
http://www.natur.cuni.cz/_kyvala/opium.html . 
53 Sheldrick, G. M. SHELXT-2014. Program for Crystal Structure Solution from Diffraction 
Data. University of Göttingen, Göttingen, 2014. 
54 Sheldrick, G. M. SHELXL-2014. Program for Crystal Structure Refinement from 
Diffraction Data. University of Göttingen: Göttingen, 2014. 
55 Neuber, C.; Schulze, S.; Förster, Y.; Hofheinz, F.; Wodke, J.; Möller, S.; Schnabelrauch, 
M.; Hintze, V.; Scharnweber, D.; Rammelt, S.; Pietzsch, J. Biomaterials in repairing rat femoral 
defects: In vivo insights from small animal positron emission tomography/computed 
tomography (PET/CT) studies. Clin. Hemorheol. Microcirculat. 2019, 73, 177–194. 
177 
 
178 
 
179 
 
180 
 
181 
 
182 
 
183 
 
184 
 
 
